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Abstract

Though pharmaceutical small molecules span a wide range of structures and functions, several
common features emerge upon analysis. For example, many medicinal compounds contain
combinations of nitrogen-containing heterocycles, polar functional groups such as fluorides or
sulfoximines, and stereoisomers that are vital to their bioactivity. As a result, new methods to
synthesize these important functional groups are continually in demand. Three main methods to
synthesize common pharmacophores are discussed herein: the selective benzylic fluorinations of
azaheterocycles via a nitrogen-fluorine halogen bond, the synthesis of sulfoxides and
sulfenamides from highly reactive and unstable chloramine in continuousflow, and partial

translation of the process route to enantiopure (S)-naproxen from batch chemistry to continuous-
flow.
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Chapter 1
Highly Selective Benzylic Fluorinations of Azaheterocycles
via a

N-F Halogen Bond

Abstract

p— J—
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A selective and mild method for the benzylic fluorination of aromatic azaheterocycles with
Selectfluor® has been investigated. These reactions take place by a previously unreported
mechanism, in which an N-F interaction between the azaheterocycle and the electrophilic
fluorinating reagent Selectfluor® eventually yields a benzylic radical, leading to benzylic C—F bond
formation. This mechanism enables high intra- and intermolecular selectivity for azaheterocycles

over other benzylic components with similar C—H bond-dissociation energies.
Thesis Supervisor: Jeffrey F. Van Humbeck

Kelley E. Danahy contributed the syntheses and optimization of substrates unless otherwise
specified, and investigation of the reaction mechanism, including analysis of the kinetic isotope
experiment. Julian C. Cooper developed an independent method to synthesize the benzylpyridine
dimer, as well as the synthesis of substrate 14. Jeffrey F. Van Humbeck completed syntheses and
fluorination for substrates 10 and 18, as well as the kinetic isotope experiment.
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Introduction

Aromatic azaheterocycles and carbon-fluorine bonds are key building blocks in small
molecules designed for medicinal chemistry. As of 2014, 84% of pharmaceuticals contained at
least one nitrogen atom. Moreover, over 250 FDA approved medicines contained aromatic
azaheterocycles (Figure 1)."? As a result, methods to selectively modify these substructures remain

in demand.

voriconazole
fungal infections

mefloquine
malaria

vatalanib N
N Me H cancer

irinotecan
cancer

Me OHO

Figure 1. Examples of medicinally relevant aromatic 4-alkylazaheterocles.

Likewise, the unique properties and increasing prevalence of fluorine in pharmaceuticals
and radiotracers have led to its inclusion in 20 % of pharmaceutical small molecules and 30-40 %
of agrochemicals.”*Specifically, the unusual strength of the fluorine-carbon sigma bond (>110
keal/mol) has led to fluorine’s use as a bioisostere of hydrogen. The replacement of hydrogen with
fluorine can result in increased metabolic stability and thus a longer lifetime in vivo, as the energy
required to break a carbon-hydrogen bond is over 10 kcal/mol less than to break a carbon-

fluorine bond.’
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Additionally, fluorine’s high electronegativity provides the paradoxical effect of both
increased lipophilicity and decreased pKa. Many polar functional groups that decrease pka -
carboxylic acids, amines, etc. - result in decreased solubility amongst hydrocarbons. However, the
electronegativity of fluorine is so great that the atom does not engage in intermolecular forces as
readily as other electronegative atoms, such as oxygen and nitrogen. Hence, despite their internal
polarity, fluorinated compounds often remain soluble in nonpolar materials and solutions.

As a consequence of these unique features, the development of new fluorination methods
for organic small molecules is an active area of research. While several notable methods to add
difluoroalkyl® and trifluoromethyl® groups to heterocycles are known (Figure 2), direct addition of

monofluoroalkyl  groups has so far remained limited to  o-fluorocarbonyl
fragments.” Heterobenzylic monofluorination of an unactivated alkyl group has been rarely
reported, most notably in the palladium-catalyzed fluorination of 8-methylquinoline by Sanford
and co-workers, the '*F manganese-salen-catalyzed fluorination of papaverine reported by Groves
and coworkers, and recently the N-fluorobenzenesulfonamide (NFSI) promoted fluorinations of
pyridines and pyrimidines by Britton and co-workers.* Britton's work used NFSI to efficiently

monofluorinate pyridines under mild reaction conditions (60°C, MeCN). However,
azaheterocycles less nucleophilic than pyridine proved challenging, as pyrimidine substrates

required 120-150 °C to provide significant conversion.®

12



Trifluoromethylation

CF,80,Cl
photocatalyst, hv

@ 1 nesor [ @

Baran, 2011
MacMillan, 2011

Difluoromethylation
[Zn]SO,CF . H CFoH

Baran, 2012

Figure 2. Heterocyclic trifluoromethylation and difluoromethylation examples.
We hypothesized that, analogous to the tri- and difluorination conditions, a radical

mechanism may expand the scope of azaheterocyclic monofluorination substrates. C—F bond-
forming methods are typically divided into three categories: electrophilic,” nucleophilic,” and

radical.'” The latter emerged recently with the demonstration, by Sammis and co-workers, that

electrophilic fluorine sources, such as NFSI and Selectfluor®, can function as radical fluorine
sources.'™ Since their seminal report, numerous examples of radical fluorinations have been
reported.'! However, attempts to use radical mechanisms for C—H monofluorination adjacent to
azaheterocycles face a significant challenge: even modestly complex molecules may feature
multiple reactive C—H bonds (for example, benzylic methylenes). Thus, reactions selective for
heterobenzylic C—H bonds over other weak bonds are needed to allow predictable fluorination in
advanced intermediates.

The nitrogen lone pair provides a key means to differentiate between the reactivity of
azaheterocycles and other similar aromatic compounds. Based on our recent studies on site-
selective methylene oxidation'® and amination,'™ we postulated that the coordinative ability of

azaheterocyclic lone pairs could be harnessed to interact with a variety of transition metals, such

13



as coppet, iron, or cobalt. This coordination may thereby facilitate a selective radical pathway that

would lead to our desired reactivity and selectivity (Scheme 1).

Sgeg=

____________________

Hydrogen-atom
abstraction

=L 0

Scheme 1. Proposed plan for selective radical fluorination on azaheterocycles.
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Optimization and Substrate Scope

Our initial investigations pitted 4-ethylpyridine (1) against ethylbenzene (2), and used

known radical initiato_rs (ACBN, NHPI; Table 1). We were excited to see selective fluorination
with both copper(II) and iron(III) salts, albeit in low yield (entries 1 and 2). However, our control
experiments revealed that the selective fluorination of pyridine was optimal with merely a slight
excess of Selectfluor® (5) and no other additives, resulting in 67% monofluorinated product,
10% or less of difluorinated pyridine, and protonated starting material. Addition of base, or
modification of our fluorine source, proved detrimental to the yield (entries 4-8). We were
pleased to find that these conditions delivered complimentary results to those reported using

NFSI (Figure 3).

Ho_Me  H__Me FMe  F_Me ! 28F° |

g/j é “£*" Source % é (‘%/—CI I

ovs el : [I\bj i

N 0.5 M CD4CN, 25 °C N g

1 2 3 L :

Entry Additive Solvent “F™ Source Yield (%) 3/4

1 Cu(OTH)," CD;CN Selectfluor® 28 >99:1
2 FeCL," CD;CN Selectfluor® 25 >99:1
3 none DMEF-d, Selectfluor® 20 >99:1
4 none CD;CN Selectfluor® 67 >99:1
5 DABCO CD,CN Selectfluor® 50 >99:1
6 Li,CO;“ CD;CN Selectfluor® 50 >09:1
7 none CD;CN Selectfluor® 53 >99:1
8 none CD;CN NESI 44 >99:1

Table 1. [a] Used 5 mol % copper and 5 mol % 1,1"-azobis(cyclohexanecarbonitrile) as a radical
inititator. [b) Used 5 mol % iron and 5 mol % N-hydroxyphthalimide as a radical initiator. [c]
Used 1 equiv of base. [d] Used 2 equivalents Selectfluor. All reactions were run at 25 °C. DABCO
=1,4-diazabicyclo[2.2.2]octane, DMF = N ,N-dimethyformamide, Tf = trifluoromethanesulfonyl.

15



Alkylpyridines are reactive towards Selectfluor” at room temperature, though they
generally deliver slightly lower yields than those reported by Britton.® Importantly, we observe a
different behavior in the case of diazines and fused heterocycles. Pyrimidines, quinazolines, and

purines, including an electron-poor pyrimidine (13), proved to be reactive at only 40 °C. We

found that the inclusion of catalytic amounts of the iron(Ill) complex [FeCly[FeCly(dmf);]
provided increased yields. Though the use of this complex over FeCl; can be attributed to the
hygroscopic nature of FeCls, the exact role of iron is currently unknown. However, in all cases
where another benzylic position was present (10, 14, 18), fluorination was completely selective for

the 4-position of the azaheterocycle.

2BF4
(‘ —Cl
H_ _Me Me
1.2 equlv =
=
> | o, \ |
N 0.5 M CD4CN, 25°C
gab
67% 18% 51% 78% 51% 31%
Fo__ M-CgHyy n-CgHyy~ | N-CsHyy Me F-Me
=y Yy Ty V@f%
| ] | M
\.N) \NJ \NJ e \N
11¢ 124 134 1492
51% 78% 67% 52%
F Me o _Me ; Me I Me
= | Z>N </N Z>N = |
S > J S J Me 3
N N Me N N
15¢ 164 174 18¢
56% 44% 49% 44%

Figure 3. Substrate scope for benzylic fluorination. Reaction conditions: [a] Acetonitrile, 1.2 equiv

Selectfluor®,

25°C.

[b]

5%

dimer

observed

(see

Scheme 3).

[c] DMEF,

2.5 mol %
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[FeCl)[FeCly(dmf)], 1.5 equiv Selectfluor®, 40 °C. [d] DMF, 2.5 mol % [FeClyJ[FeCl,(dmf)s], 1.2
equiv Selectfluor®, 40 °C. [e] With 2 % starting material. TIPS=triisopropylsilyl.

17



Mechanistic Investigation

Given that transition metals and radical initiators were not needed to observe reactivity,

we initially suspected an ionic mechanism. Drawing on precedent set by the Boekelheide

Reaction"

in Scheme 2.

or, more closely, Briton’s NFSI monofluorinations,* a potential mechanism is shown

Acidification of the benzylic position resulting from pyridinium cation formation (20)

would allow deprotonation and dearomatization (21). Then, attack by the now-nucleophilic

benzylic position onto another equivalent of electrophilic fluorine would yield our desired C—F

bond (22). Pyridinium 21 could then transfer fluorine to another equivalent of substrate, thus

delivering the observed product and regenerating the pyridinium intermediate 20.

H Mo 2BF

—ClI

&) 4

A . ¥

-&

28F°

Me

—CI

o Me [ %!97 F Me
F 5

F 21 22

Scheme 2. Proposed ionic mechanism for azaheterocyclic fluorination with Selectfluor®.

However, several observations appeared inconsistent with this mechanism. During our

optimization studies, we had observed the complete failure of both N-fluorocollidinium (23)

and N-fluoropyridinum (24) to promote the desired transformation (Scheme 3), leading instead

18



to substrate decomposition. Given that an ionic mechanism using Selectfluor® requires fluorine
transfer between N-fluoropyridiniums, the failure of these reagents strongly suggests that the
presented ionic mechanism does not occur. Additionally, no pyridinium fluoride peaks
(from 20 or 22) were observed during the NMR studies.: Furthermore, the successful fluorination
of 4-alkylpyrimidines under mild reaction conditions would be unusual for an ionic mechanism,
as the formation of pyrimidinium fluorides typically requires both harsh fluorinating reagents like

hypofluorites, as well as oxidation to the pyrimidinone state."

Me
= =
\Cﬁ)l Me \(ﬁ)l M
or e
r © | @ pr
H Me F BF4 F BF4 r Me
23 24
S AN ~ &

Scheme 3. Failure of N-luoropyridinium reagents to yield product.
Fortunately, fluorination of 4-benzylpyridine provided an insight into the mechanism (25;

Scheme 4). Though the primary product was the expected monofluorinated structure (9), dimeric
byproduct 26 was observed by GC/MS, and confirmed by independent synthesis. The alkene
stereochemistry was confirmed as Eby hydrogenation to the known racemic
dipyridyldiphenylethane 28." In our reaction, with only Selectfluor®, substrate, and acetonitrile
present, it is difficult to explain the formation of this dimer without invoking the radical 27. As
radical dimerization would lead to the saturated 28, we then confirmed that Selectfluor® is able to

further oxidize the saturated intermediate to the observed product.

19



racemic

Scheme 4. Partial mechanism for the formation of radical dimer byproduct 26.

To reconsider a radical mechanism, we investigated the failure of substrate 8 (Figure 3) to
rearrange as a radical clock. However, lack of rearrangement does not negate the existence of a
radical species; rather, lack of rearrangement merely indicates that no radical species exists within
the rate of rearrangement. Indeed, radical clocks have often failed to provide evidence for radical

®

intermediates in transformations with Selectfluor®, yet ESI-MS has shown radical cation

intermediates that implicate a radical mechanism despite a lack of rearranged products.'®" Thus,
regarding 8, two possible explanations exist. First, the rate of radical fluorination may outcompete
the rate of cyclopropane ring opening. Second, while cyclopropylmethyl radical clocks are known
to yield rearranged products on orders of 10" s7', the rate of ring closure for aryl cyclopropylmethyl
radical clocks (k=5.4x10°s7") is faster than the rate of opening (k=6.1x10*s™")."® This scenario
suggests an equilibrium favoring the closed form of the cyclopropane ring if opening were to
occur. As a result, the closed cycloprépane ring of 8 neither confirms nor opposes an ionic or a

radical pathway.

20



Previous studies have suggested that fluorination with Selectfluor® proceeds by single-
electron transfer (SET) following the formation of a charge-transfer complex. Calculations by Liu
and co-workers predict that even simple electrophilic aromatic substitution with Selectfluor”
should not follow the classic two-electron mechanism." And, moving beyond theory, Ritter and
co-workers recently found that charge-transfer complexes between aromatic groups and

Selectfluor® allowed highly para-selective C—H functionalization by a radical pathway.*

Me 2BFC

2BF,

D 3 28F,
— —ci| - H®
H SET
Me
29
charge transfer
complex

Scheme 5. Initially proposed radical mechanism for azaheterocyclic fluorination with Selectfluor®.

Our proposed radical mechanism for this transformation is shown in Scheme 5. Several
scenarios could result in the high chemoselectivity observed. Pyridine itself is more easily oxidized
in acetonitrile than benzene (E,/» vs. Ag/AgNOs: 1.82V for pyridine, 2.04 V for benzene),”' and
so selective electron transfer may be simply favored. However, substrates such as 10 (Figure
3) contain an anisole-type fragment that should be more easily oxidized in acetonitrile than
pyridine (E,» vs. Ag/AgNOs: 1.40V for anisole,” 1.30 V for diphenyl ether™), and yet these

21



substrates do not deliver C—F bond formation adjacent to the anisole-type ring. In these cases, we
speculated that formation of a charge-transfer complex (29), isoelectronic to the Aaryl iodide-
DABCO complexes studied by Garcia-Garibay and coworkers,* leads to the observed selectivity.
We evaluated the formation of a pyridine/Selectfluor® charge-transfer complex in
solution using qualitative UV/Vis spectrophotometry (Figure 4). At identical concentrations, a 4-
ethylpyridine solution shows a maximum absorbance atA=255nm, but an identically

concentrated reaction sample showed an absorbance nearly two-and-a-half times as intense,

although its wavelength (=252 nm) was nearly identical to the pyridine maximum. Furthermore,
a broad shoulder began around A=270 nm and tailed to over 1=350 nm. These spectra contain all

three characteristics (intensity, overlap of pyridyl charge-transfer absorbances with the free
pyridine absorbance, and tailing) also seen in the well-studied pyridine/I,and

pyridine/Br;, charge-transfer complexes.**

4.5 1
4 4 —— 4-Ethylpyridine (100 nM)
3.5 1
o 3- —Reaction Solution (100 nM)
Q
=
§2.5 4
o 5 . — Selectfluor® (100 nM)
2
<5 -
1 -
0.5 1
0 ’ T T T 1
200 250 300 350 400
Wavelength (nm)

Figure 4. Qualitative UV-Vis spectra of reaction and starting materials.
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An although a radical cation would be unusual for pyridines, the oxidation potentials of
Selectfluor® and pyridine indicate that such a transfer is feasible.” In an attempt to distinguish
between a PCET and a stepwise mechanism, we analyzed the kinetic isotope effect in an

intermolecular competition between protonated and deuterated 4-ethylquinoline. 'H NMR

results indicated a substantial primary ky/kp of 5.2, consistent with breaking of the benzylic C-H
benzyl as the rate-determining step. This is, however, consistent with both a concerted process and
reversible SET, followed by irreversible deprotonation.*

Additionally, a third possibility exists: rate-determining loss of a proton preceding electron
transfer, as shown in Scheme 6. In this mechanism, deprotonation of complex 29 would yield
intermediate complex 32. Subsequent SET vyields benzylic radical complex 33, in a process akin to
the barrier-less fragmentation of N-methoxypyridine anions observed by Gould and coworkers.”’
In theory, this could occur in a concerted fashion, or stepwise through a Kochi-type intermediate

pyridinium (34 and 36).”*
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& A7 - -

i A
H% S;f 32 ? 33
29 ! o | ek
charge transfer 2BF, 2BF,
complex ' ~—ClI —Gl
" A {5
"""" > F 3§ SR
@ﬁ % @? 36
Me Me

Scheme 6. Precedent for a potential fragmentation pathway yielding a benzylic radical.

Detailed studies, such as ESI-MS and electron paramagnetic resonance (EPR), would be
required to differentiate between rate-determining deprotonation before electron transfer, PCET,
or SET followed by irreversible deprotonation. Regardless, the evidence at the very least points
towards a radical mechanism arising from an N-F halogen bond, which has been further

supported by subsequent studies by the Hratchian, Baxter, and Lei groups.”
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Conclusion

In summary, we have observed the ability of Selectfluor® to directly fluorinate benzylic
C—H bonds in the 4-position of azaheterocycles. No additive is required for selectivity, though a
catalytic amount of iron(III) may be added in some cases for optimum yield. This approach
provides a diverse array of 4-alkyl azaheterocycles, including medically relevant pyrimidines and
quinazolines. In regards to mechanism, our complete selectivity for azaheterocycles may be

attributed to a charge-transfer complex arising from an N-F halogen bond, and the formation of

dimer 25 suggests a radical intermediate. Further investigation is required to elucidate subsequent

steps in this mechanism.
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General Considerations

All reactions were performed with commercial reagents and solvents that were used as
received, unless otherwise specified. Reagents and starting materials were purchased from Sigma
Aldrich, Alfa Aesar, Combi-Blocks, TCI America, and/or Ark Pharm; solvents were purchased
from Fischer or Sigma-Aldrich. Concentration and removal of solvents was performed using a
Heidolph Instruments Hei-VAP rotary evaporator with a dry ice/acetone condenser. Column
chromatography was carried out using silica gel purchased from Silicycle® or neutral alumina
purchased from Sigma Aldrich.

Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL 500 (500 MHz),
Bruker 400 (400 MHz), or Varian 300 (300 MHz), using chloroform-d (CDCLy),
dimethylsulfoxide-ds (DMSO-dy), dichloromethane-d, (CD,Cl;) or acetonitrile-ds (CD;CN).
Chemical shifts are given in parts per million (ppm) from trimethylsilane (0.00) and measured
relative to the solvent signal (‘"H NMR: 8 7.26 for CDCl;, 8 2.50 for DMSO-ds, or 8 1.94 for
CD;CN; PC NMR: 8 77.16 for CDCl,, 8 54.00 for CD,Cl,). Coupling constants (J values) are
reported in Hertz (Hz) to the nearest 0.1 Hz. "H NMR spectra are given in the following order:
multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet), coupling constants, number of protons.

HRMS was performed using a Bruker Daltonics APEXIV 4.7 Tesla Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer. GC/MS was run on an Agilent Technologies 7963 Gas
Chromatography Automatic Liquid Sampler, and UV/Vis spectra were recorded with an Agilent

Cary 4000 spectrophotometer.
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Syntheses of Starting Materials

H OTIPS
NaH, TIPSCI
DMF
I ~ | ~
N N

4-(3-((triisopropylsilyloxy)propyl)pyridine: 274 mg (2.0 mmol) of 4(3-
hydroxypropyl)pyridine were dissolved in 4 mL DMF. 80 mg (2.0 mmol) of sodium
hydride (60% dispersion in mineral oil) was added, and the reaction was stirred at room
temperature for 20 minutes. 0.43 mL (2.0 mmol) of triisopropylsilyl chloride were added,
and the reaction was further stirred at room temperature for 12 hours. After quenching
with water, the crude product was extracted with ethyl acetate, and dried over magnesium
sulfate. The solvent was removed via a rotary evaporator, and the product purified by
flushing through a silica gel plug with pure ethyl acetate. Evaporation via a rotary
evaporator delivered the desired product as a light yellow oil (439 mg, 75%).

'"H NMR (300 MHz, CDCl;) 8 8.48 (d, J = 5.5 Hz, 2H), 7.13 (d,J = 5.7 Hz, 2H), 3.70 (¢, ] =
6.1 Hz, 2H), 2.71 (t, J = 7.8 Hz, 2H), 1.92 - 1.77 (m, 2H), 1.05 (d, J = 3.1 Hz, 21H); "C
NMR (75 MHz, CDCl,) & 151.5, 149.8, 124.2, 62.3, 33.6, 31.6, 18.3, 12.1; HRMS

(ESI/Q-TOF) M + H|' m/z: Calcd for (C,;H3NOSi) 294.2248; Found 294.2237.
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Figure S1. '"H NMR spectrum of 4-(3«(triisopropylsilyl)oxy)propyl)pyridine
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1. LDA, THF

Me 2. Br—<] '
B B

~ =

4-(cyclopropylmethyl)pyridine: Adapted from a procedure by Steves and Oestreich.' In an
oven-dried round-bottom flask, 1.8 mL (13 mmol) diisopropylamine were dissolved in
anhydrous THF (13 mL), and the resulting solution cooled to -78°C under N,. 7.5 ﬁlL 6
mmol) of an nbutyllithium solution (1.6 M in hexanes) were added slowly, and the
reaction was warmed to room temperature and stirred for 30 minutes at room temperature
before being re-cooled to -78 °C. A solution of 4-picoline in 12.5 mL THF was added in
one portion and stirred a further 30 minutes at -78 °C, upon which 0.4 mL (5 mmol) of 1-
bromocyclopropane were added. The reaction was again warmed to room temperature,
quenched with 13 mL H,O and diluted with ethyl acetate. 1 M HCI was added to pH 7-8,
and the organic phase was thrice extracted with . After drying over magnesium sulfate and
removing volatiles with a rotary evaporator, the products were purified on silica gel, eluting
with ethyl acetate to yield 120 mg (0.9 mmol, 18%) 4-(cyclopropylmethyl)pyridine. Spectra

were consistent with those previously reported.”

Me 1.LDA, THF n-CsHyy  n-CgHyy_ n-CsHyy
2. H'C5H11Br
N7 N/) N/)

4-hexylpyrimidine and 4-(undecan-6-yl)pyrimidine: Adapted from a procedure by Steves

and OQestreich.! An oven-dried 2-neck flask under N, was charged with 4-methylpyrimidine
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(0.9 mL, 10 mmol) and 12 mL anhydrous THF, and the mixture was cooled to -78 °C.
Freshly prepared LDA (12 mmol in 13 mL anhydrous THF: 4 mL hexanes) was added
dropwise, and the reaction mixture was stirred at =78 °C for 30 min. 1-Bromopentane (1.2
mL, 10 mmol) was slowly added, and the reaction was warmed to room temperature and
stirred for 10 minutes. The reaction was quenched with 1 M HCl to pH 7.5 and extracted
with dichloromethane. After drying over magnesium sulfate and removing volatiles with a
rotary evaporator, the products were purified on silica gel, eluting with a 10-20% ethyl
acetate/hexanes solution to yield 590 mg (3.6 mmol, 36%) of 4-hexylpyrimidine (consistent
with known spectra) and 370 mg (1.6 mmol, 16%) 4-(undecan-6-yl)pyrimidine. Both were
light yellow oils.

4-hexylpyrimidine: 'H NMR (CDCl;) 8 8.99 (d, J = 1.4 Hz, 1H), 8.46 (d, ] = 5.2 Hz, 1H),
7.05 (dd, J = 5.3, 1.4 Hz, 1H), 2.64 - 2.61 (m, 2H), 1.63 - 1.57 (m, 2H), 1.25 - 1.16 (m,
6H), 0.76 - 0.72 (m, 3H). ). "C NMR (CDCl,) 8 170.9, 158.6, 156.6, 120.4, 37.8, 31.6,
28.9, 28.8, 22.5, 14.0. HRMS m/z calcd. for C,oH;N, [M+H]" 165.1386, found 165.1384.
4-(undecan-6-yl)pyrimidine: '"H NMR (300 MHz, CDCl;) & 9.13 (s, 1H), 8.58 (d, ] = 5.2
Hz, 1H), 7.11 (dd, J = 5.2, 1.4 Hz, 1H), 2.64 (tt, ] = 8.5, 6.0 Hz, 1H), 1.75 - 1.53 (m, 4H),
1.30 - 0.94 (m, 13H), 0.83 (d, J = 6.4 Hz, 6H).”C NMR (75 MHz, CDCl,) 8 174.5, 159.0,
156.6, 120.6, 47.9, 35.2, 32.00, 27.2, 22.6, 14.1; HRMS (ESI/Q-TOF) (M + HJ' m/z:

Calcd for (CsH3N,) 235.2169; Found 235.2163.
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Me t-BuBrettPhos Me
t-BuBrettPhos G4
K3PO4, PhMe

W 0 YRS

4-ethyl-5-(4-ethylphenoxy)pyrimidine: 2.27 g (10.6 mmol) anhydrous tribasic potassium

phosphate were added to an oven-dried Schlenk flask equipped with a stir bar under N;. 50
mL of dry toluene were added, followed by 78 mg (3 mol%) tert-butylBrettPhos and 137 mg
(3 mol%) tert-butylBrettPhos third generation palladium catalyst (Buchwald type). The
mixture was then heated to 100 °C for 15 hours. After cooling to room temperature, the
reaction was diluted with ethyl acetate and water was added. The product was extracted
three times with ethyl acetate, dried over magnesium sulfate and passed through Celite.
After concentration via rotary evaporation, the product was purified on silica gel, eluting
with a gradient of 10 - 20% ethyl acetate/hexanes. Removal of the solvent via rotary
evaporation yielded 463 mg of the desired product (2.0 mmol, 38%).

'H NMR (400 MHz, CDCl;) 8 8.88 (s, 1H), 8.19 (s, 1H), 7.24 - 7.15 (m, 2H), 6.95 - 6.85
(m, 2H), 2.88 (q, J = 7.6 Hz, 2H), 2.65 (q, ] = 7.6 Hz, 2H), 1.31 (t, ] = 7.6 Hz, 3H), 1.24 (t,J
= 7.6, OHz, 3H); "C NMR (101 MHz, CDCl,;) 8 163.2, 154.0, 153.2, 150.1, 145.8, 140.3,
129.4, 118.1, 77.2, 28.1, 25.3, 15.7, 11.6; HRMS: m/z caled. for C;;H(N,O [M+H]'

229.1335, found 229.1332.
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Ethyl (E)-2-((Dimethylamino)methylene)-3-oxopentanoate: Following the procedure of
Antonsson and coworkers’, 1.1 mL (8.4 mmol) of dimethylformamide dimethyl acetal was
added dropwise to a stirring round bottom flask charged with 1 mL (7.0 mmol) of ethyl-3-
oxopentanoate. The reaction was stirred at room temperature for 18 hours, upon which
residual DMF was azeotroped off with 2 x 10 mL toluene to yield the desired product as a

yellow oil (7.0 mmol, quantitative). NMR spectra matched those previously reported.’

NH-HCI
H,N~ H Me
o o y NaOELEtOH _
EtO | € & | X )N
NMe, N?

Ethyl  4-ethylpyrimidine-5-carboxylate:  Ethyl  (E)-2{(Dimethylamino)methylene)-3-
oxopentanoate (500 mg, 2.5 mmol) was dissolved in 5 mL anhydrous ethanol. 202 mg (2.5
mmol mmol) formamidine hydrochloride were added to the solution, followed by 170 mg
(2.6 mmol) of sodium ethoxide. The reaction was refluxed at 95 °C for 12 hours. After
cooling, the reaction was diluted with ethyl acetate, washed with water, and dried over
magnesium sulfate. After concentration, the product was purified on silica gel, eluting with

40% ethyl acetate/hexanes to yield a yellow oil (202 mg, 1.1 mmol, 45%), whose NMR

spectra was consistent with spectra previously reported.”
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4-ethylquinoline: In an oven-dried 2-neck round bottom flask, 30 mL THF and 1.1 mL
(7.5 mmol) diisopropylamine were added under N,. The solution was cooled to -78 °C,
and 3.4 mL (8.4 mmol) of an n-butyllithium solution (2.5 M in hexanes) were added
dropwise. The mixture was stirred at -78 °C for 10 minutes, then warmed to 0 °C. In a
separate round-bottomed flask, 0.92 mL (7 mmol) of lepidine was dissolved in 20 mL THF
and cooled to -78 °C. The LDA solution was then transferred slowly via canula, and the
reaction was stirred at -78 C for 30 minutes. 0.61 mL (9.8 mmol) methyl iodide were
added, and the reaction was stirred for 10 minutes before warming to room temperature.
After quenching with H,O and diluting with ethyl acetate, 1 M HCI was added to pH 7 -
8, and the organic phase was thrice extracted with dicholoromethane. After drying over
magnesium sulfate and removing volatiles with a rotary evaporator, the products were
purified on silica gel to yield 950 mg (6 mmol) of 4-ethylquinoline (87%). Spectra were

consistent with those previously reported.’

Cl 5 mol% Fe(acac);
10 mol% NMP
~N EtMgBr, THF
L - >
N

4-ethylquinazoline: Following the procedure of Fiirstner and coworkers®’, 500 mg (3.0

mmol) of 4-chloro-quinazoline and 53 mg (0.15 mmol) Fe(acac); were combined in an

oven-dried round bottom flask and purged under nitrogen. 20 mL THF and 2.0 mL NMP
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were added, followed by dropwise addition of 1.2 mL (3.6 mmol) of a 3.0 M
ethylmagnesium bromide solution in diethyl ether. After stirring at room temperature for
10 minutes, the reaction was quenched with water and extracted with ethyl acetate, dried
over magnesium sulfate, and the solvent removed via 20% ethyl acetate in hexanes as the

eluent to yield a yellow oil (318 mg, 67%). Spectra were consistent with those preciously

reported.’
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6-chloro-9-methyl-9H-purine: 500 mg (3.2 mmol) 6-Chloro-9H-purine were dissolved in 7

mL DMF. 128 mg (3.2 mmol) NaH (60% dispersion in mineral oil) were added at room
temperature and the reaction was stirred for 5 minutes. 200 pL (3.2 mmol) methyl iodide
was added drop wise, and the reaction stirred at room temperature for 12 hours. For
workup, the reaction was diluted with dichloromethane, washed with saturated sodium
bicarbonate solution, and dried over magnesium sulfate. Removal of the solvent via rotary
evaporation gave the crude product, which was subsequently purified via column
chromatography on silica gel, eluting with pure ethyl acetate. After removing the solvent
via rotary evaporation to yield 334 mg (2.0 mmol, 62%) of an off-white solid, NMR spectra

were determined to be consistent with spectra previously reported.®

cl 5 mol% Fe(acac); M¢
y  10mol% NMP \
N~ EtMgBr, THF N~
LD — LD
N~ N N
Me

6-ethyl-9-methyl-9H-purine: Following the procedure of Fiirstner and coworkers®, 200 mg

(1.19 mmol) of 6<chloro9-methyl9H-purine and 21 mg (0.06 mmol) Fe(acac); were
combined in an oven-dried round bottom flask and purged under nitrogen. 8.0 mL THF
and 0.8 mL NMP were added, followed by 0.48 mL (1.4 mmol) of a ethylmagnesium

bromide solution (3.0 M in THF) dropwise. After stirring at room temperature for 10
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minutes, the reaction was quenched with water and extracted with ethyl acetate, dried over
magnesium sulfate, and the solvent removed via 10% methanol in dichloromethane as the
eluent to yield the desired products as a pale yellow, oily solid (112 mg, 46%).

'H NMR (300 MHz, CDCl,) 8 8.90 (s, 1H), 8.00 (s, 1H), 3.90 (s, 3H), 3.23 (q, J = 7.6 Hz,
2H), 1.44 (t, ] = 7.6 Hz, 3H); "C NMR (125 MHz, CDCl,) 8 164.0, 152.7, 151.2, 144.3,

132.3, 29.9, 26.6, 12.7; HRMS (ESI/Q-TOF) [M + H]' m/z: Caled for (CgH (N,) 163.0978;

Found 163.0978.
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Figure S9. '"H NMR spectrum of 6-ethyl-9-methyl-9H-purine
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Benzylic Fluorination of Volatile Pyridines (Yield by “F NMR)

R 2BFY ~ R
/ —ClI
D 4y =
N N

General Procedure: Under nitrogen, the pyridine (0.5 mmol) was added to an oven-dried
8 mL scintillation vial that had been purged with N, via a Teflonfaced septum. MeCN-d;
(1 mL, stored over molecular sieves) was added, followed by 212 mg (0.6 mmol, 1.2
equivalents) Selectfluor®. The nitrogen needle was removed, and the cap sealed with
melted parafilm. The suspension was stirred for 20 hours at 25 °C, gradually forming a
pale yellow mixture. A saturated sodium bicarbonate solution was added to the reaction,
and the product was extracted with 2 mL CDCls. 57 pL (0.5 mmol) of 4.fluoroanisole as an
internal standard were added to the organic extract, and the yield analyzed via F NMR.
After removal of the solvent via rotary evaporation, the crude product was purified on silica
or alumina to acquire clean NMR spectra. Besides the desired products, these reactions
typically contained small amounts of remaining starting material and small amounts of

difluorinated products.

S
N
3

4-(1fluoroethyl)pyridine: 68%, yellow oil. Purified by silica preparatory thin-ayer
chromatography by eluting first with pentane, followed by ethyl acetate. 'H and “F NMRs

were consistent with previously reported spectra.’
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4-(1fluoromethyl)pyridine: 18%, yellow oil. Purified by eluting with ethyl acetate on

preparatory thin-layer chromatography. 'H and F NMRs were consistent with previously

reported spectra.”’

=

"
N
8

4-(cyclopropylfluoromethyl)pyridine: 78%, yellow oil. Purified by eluting in ethyl acetate

on silica gel. 'H and ""F NMRs were consistent with previously reported spectra.’
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Benzylic Fluorination of Non-Volatile Pyridines (Isolated Yields)

R 2BFC PR
I%‘)/‘-CI
S ' CD,CN S
() &Y ===
N N

General Procedure: Under nitrogen, the pyridine (0.5 mmol) was added to an oven-dried
8 mL scintillation vial that had been purged with N, via a Teflonfaced septum. MeCN-d,
(1 mL, stored over molecular sieves) was added, followed by 212 mg (0.6 mmol, 1.2
equivalents) Selectfluor®. The nitrogen needle was removed and the cap sealed with melted
parafilm. The suspension was stirred for 20 hours at 25 °C, gradually forming a pale yellow
mixture. The reaction mixture was transferred with the aid of ethyl acetate into a separator
funnel. The organic layer was washed with a saturated sodium bicarbonate solution, which
was then back-extracted with additional ethyl acetate three times. The combined organic
layers were then dried with magnesium sulfate, filtered, and concentrated on rotary
evaporator to provide the crude product mixture. The desired products were isolated by
silica gel chromatography. Besides the desired products, these reactions typically contained
small amounts of remaining starting material and small amounts of difluorinated products.
In all cases, the desired monofluorinated product could be easily separated from these trace

byproducts.
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4-(1-fluoro-3-((triisopropylsilyl)oxy) propyl)pyridine: 51%, pale yellow oil. Purified on silica
gel using 20 - 50% ethyl acetate/pentane as an eluent.

'H NMR (500 MHz, CDCl;) & 8.64 - 8.60 (m, 2H), 7.28 (d, ] = 6.0 Hz, 2H), 5.74 (ddd, J =
48.1 Hz, ] = 9.1 Hz, ] = 3.8 Hz, 1H), 3.95 (ddd, J = 10.2 Hz, J = 8.8 Hz, ] = 4.4 Hz, 1H),
3.78 (dt, J = 10.1, 5.1 Hz, 1H), 2.15 - 1.92 (m, 2H), 1.16 - 1.04 (m, 21H);"C NMR (126
MHz, CDCl;) 8 151.0, 120.0 (d, ] = 8.5 Hz), 89.7 (d, ] = 171.9 Hz), 58.7 (d, ] = 4.4 H>),
40.6 (d, J = 21.9 Hz), 18.1, 12.0; YF NMR (471 MHz, CDCl;): 8-188.0 (ddd, ] = 49.2,] =
33.1 Hz, ] = 16.9 Hz); HRMS (ESI/Q-TOF) [M + HJ' m/z: Caled for (C;H;FNOSI)

312.2153; Found 312.2140.
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4-(1fluoro(phenyl)methyl)pyridine: 56% total yield including dimer impurity 25, yellow
oil. Purified via column chromatography on silica gel using 15-30% ethyl acetate/hexanes
gradient elution.

'H NMR (500 MHz, CDCl;) 8§ 8.61 (d, ] = 6.0 Hz, 2H), 7.43 - 7.35 (m, 3H), 7.34 - 7.28
(m, 2H), 7.28 - 7.22 (m, 2H), 6.41 (d, J] = 47.1 Hz, 1H); "C NMR (126 MHz, CDCl,)
8§ 150.1, 129.4, 129.0, 127.2 (d, ] = 5.3 Hz), 120.7 (d, J = 7.5 Hz), 93.0 (d, ] = 175.5); ’F
NMR (471 MHz, CDCl;) 8 -172.2 (dt, ] = 50.9 Hz, ] = 21.6 Hz); HRMS (ESI/Q-TOF) [M +

H]" m/z: Caled for (C,,H,FN) 188.0870; Found 188.0869.
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3-(4-ethylphenoxy)-4-(1-fluoroethyl)pyridine: 31% (with 2% staring material, 33% total),
yellow oil. Purified via column chromatography on silica gel using 15%-30% ethyl
acetate/hexanes gradient elution.

'"H NMR (500 MHz, CDCl;) 8 8.40 (d, J = 4.9 Hz, 1H), 8.15 (s, 1H), 7.46 (d, ] = 4.9 Hz,
1H), 7.22 - 7.15 (m, 3H), 6.94-6.87 (m, 2H), 5.94 (dq, ] = 47.4 Hz, ] = 6.4 Hz, 1H), 2.64
(q, ] = 7.6 Hz, 2H), 1.64 (dd, ] = 24.4 Hz, ] = 6.4 Hz, 3H), 1.24 (t, ] = 7.6 Hz, 3H). °C
NMR (126 MHz, CDCl;) & 154.3, 149.7, 145.0, 141.2 (d, ] = 22.3 Hz), 140.4, 129.5,
119.89, 119.8, 118.4, 85.8 (d, ] = 170.5 Hz), 28.3, 22.0, 21.8, 15.8. ’F NMR (471 MHz,
CDCI;) 8-181.9 (dq, ] = 48.6 Hz, ] = 24.4 Hz); HRMS (ESI/Q-TOF) [M + H]" m/z: Caled

for (C;sH (FNO) 246.1289; Found 246.1284.
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Benzylic Fluorination of Non-Pyridine Azaheterocycles

R ZBF? *__R

_%/—Cl 2.5 mol% [FeCl,(DMF)3][FeCl],
@ [“&9\7 DMF -~ @

General Procedure: Under nitrogen, the N-heterocycle (0.5 mmol) was added to an oven-

dried 8 mL scintillation vial. DMF (1 ml, degassed via bubbling nitrogen through the
solvent for fifteen minutes and stored over molecular sieves) was added, followed by 6.7 mg
(2.5 mol%) of [FeCly(DMF);][FeCl,] and 212 mg (0.6 mmol, 1.2 equivalents) Selectfluor™
The nitrogen needle was removed, and the cap sealed with melted parafilm. The solution
was stirred for 20 hours at 40 °C, gradually forming a pale yellow solution. The reaction
was transferred into a separatory funnel with the aid of ethyl acetate. The organic layer was
washed with a 1 M sodium L-ascorbic acid solution to remove the iron, which was then
back extracted three times with ethyl acetate. The combined organic layers were dried with
MgSO,, filtered and concentrated in vacuo. The crude product was purified on silica gel
using the eluent systems described below. In general, most of the reactions also delivered
small amounts of starting material and difluorinated byproducts, but which could be

separated by column chromatography.
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4-(1-fluorohexyl)pyrimidine: 51%, clear oil. Run with 1.5 equivalents of Selectfluor®
instead of 1.2. Purified via column chromatography on silica gel using 15% - 30% ethyl

acetate/hexanes gradient elution.

'H NMR (500 MHz, CDCl5) 8 9.16 (s, 1H), 8.77 (d, ] = 5.0 Hz, 1H), 7.50 (d, ] = 4.9 Hz,
1H), 5.47 (ddd, J = 48.5 Hz, ] = 8.1 Hz, ] = 3.5 Hz, 1H), 2.15 - 1.75 (m, 2H), 1.55 - 1.41
(m, 2H), 1.32 (s, 4H), 0.88 (t, ] = 6.4 Hz, 3H); "C NMR (126 MHz, CDCl;) & 168.9 (d, ] =
26.4 H2), 158.2, 157.7, 116.9,93.5 (d,] = 174.2 H2), 35.4 (d,J = 21.1 Hz), 31.5, 24.4, 22.6,
14.1 YFNMR (471 MHz, CDCly) 8-192.1 (ddd, J = 48.7 Hz, ] = 31.5 Hz, J = 21.9 Ha);

HRMS (ESI/Q-TOF) [M + H]' m/z Calcd for (C,,H,sFN,) 183.1292; Found 183.1291.

66



Adiixey HAP

lLHSO.u

_~9.16

[

1.0

7.50
fms
1.0 — 5.53

5.42
1.02 — 5.41

s
22 \‘ £-1.97

2.21% ——
4.47-T — 1.91

3.37§ 1.90

000
S00-]
01’0+
S1'0
020+
§2'0
080
SE'0
0%'0
Sy
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4-(6-fluoroundecan-6-yl)pyrimidine: 52%, clear oil. Purified via column chromatography
on silica gel using 2-6% ethyl acetate/hexanes gradient elution.

'H NMR (500 MHz, CDCl3) 8 9.17 (s, 1H), 8.73 (d, J = 5.2 Hz, 1H), 7.52 (dt, J = 5.2 Hz, J
= 1.5 Hz, 1H), 2.12 - 1.86 (m, 4H), 1.37 (dddd, J = 16.9 Hz, ] = 8.2 Hz,J = 7.5 Hz, ] = 5.0
Hz, 2H), 1.30 - 1.12 (m, 9H), 0.91 (ddd, ] = 21.4 Hz, ] = 10.9 Hz, J = 4.6 Hz, 2H), 0.86 -
0.76 (m, 7H); "C NMR (126 MHz, CDCl;) 8 171.4 (d, ] = 28.7 Hz), 158.4 (d, J = 2.5 Hz),
157.3, 117.7 (d, J = 11.3 Hz), 39.2 (d, ] = 21.9 Hz), 32.0, 24.2, 22.7 (d, ] = 27.5 Hz), 22.5,
14.1; F NMR (471 MHz, CDCl;) & -168.8 (td, J = 31.3 Hz, ] = 15.4 Hz). HRMS (ESI/Q-

TOF) [M + H]" m/z: Caled for (C;sH,sFN,) 181.0884; Found 181.0879.
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Ethyl 4-(1-fluoroethyl)pyridine-5-carboxylate: 67%, pale yellow oil. Purified via column
chromatography on silica gel using 10-15% ethyl acetate/hexanes gradient elution.

'H NMR (500 MHz, CDCl;) 8 9.36 (s, 1H), 9.19 (s, 1H), 6.35 (dqd, J = 48.4 Hz, ] = 6.5 Hz,
J=1.5Hz, 1H), 4.44 (q,J = 7.2 Hz, 2H), 1.73 (dd, ] = 24.0 Hz, ] = 6.4 Hz, 4H), 1.43 (¢, ] =
7.2 Hz, 3H); "C NMR (126 MHz, CDCl,) & 167.1, 163.2, 159.7, 158.0, 121.3, 86.5 (d, ] =
173.2 Hz), 61.5, 19.7 (d, ] = 23.3 Hz), 13.3; "F NMR (471 MHz, CDCl,) & 180.4 (dq, J =
47.8 Hz, ] = 24.6 Hz); HRMS (ESI/Q-TOF) [M + H]' m/z: Caled for (CH,,FN,O,)

199.0877; Found 199.0879.
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5-(4-ethylphenoxy)-4-(1fluoroethyl)pyrimidine: 78% vyield (on 0.2 mmol scale), clear oil.
Purified via column chromatography on silica gel using 2 - 10% ethyl
acetate/dichloromethane gradient elution.

'H NMR (500 MHz, CDCI,) 8 8.99 (s, 1H), 8.28 (s, 2H), 7.23 (d, ] = 8.4 Hz, 2H), 6.97 -
6.92 (m, 3H), 6.05 (dq, J = 47.3 Hz, ] = 6.5 Hz, 1H), 2.66 (q, ] = 7.6 Hz, 2H), 1.75 (dd, ] =
24.1 Hz, ] = 6.5 Hz, 3H), 1.25 (t, ] = 7.6 Hz, 3H); "C NMR (126 MHz, CDCl,) 8 157.2,
153.3, 153.1, 149.5, 146.6, 141.4, 129.8, 119.0, 85.4 (d, ] = 173.3 Hz), 28.3, 19.7, 15.8. "°F
NMR (471 MHz, CDCl;) &-180.8 (dq, J = 47.1 Hz, ] = 18.8 Hz). HRMS (ESI/Q-TOF) [M +

HJ" m/z: Caled for (C,;H;sFN,O) 247.1241; Found 247.1237.
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4-(1fluoroethyl)quinoline: 56%, yellow oil. Purified via column chromatography on silica
gel using 2-10% ethyl acetate/dichloromethane gradient elution.

'H NMR (500 MHz, CDCl,) 8 8.94 (d,J = 4.3 Hz, 1H), 8.16 (d, ] = 8.4 Hz, 1H), 7.89 (d, ]
= 8.4 Hz, 1H), 7.73 (t, ] = 7.6 Hz, 1H), 7.58 (t, ] = 7.6 Hz, 1H), 7.51 (d, ] = 4.3 Hz, 1H),
6.32 (dq, ] = 46.9 Hz, ] = 6.4 Hz, 1H), 1.80 (dd, J = 24.2 Hz, ] = 6.5 Hz, 3H); "C NMR
(126 MHz, CDCI,): 8 150.5, 148.3, 146.8 (d, ] = 19.4 Hz), 130.6, 129.4, 127.0, 124.7 (d, ]
= 4.7 Hz), 122.9, 116.6 (d, J = 11.0 Hz), 87.7 (d, J = 171.1 Ha), 22.7 (d, ] = 24.6 Ha); “F
NMR (471 MHz, CDCLy): 8 -176.7 (dq, J = 48.1 Hz, ] = 24.2 Hz); HRMS (ESI/Q-TOF) [M

+ H]" m/z: Caled for (C,;H,,FN,) 176.0870; Found 176.0868.
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4-(1fluoroethyl)quinazoline: 44%, vellow oil.. Purified via column chromatography on
silica gel using 20% ethyl acetate/hexanes.

'H NMR (500 MHz, CDCl;) 8 9.31 (s, 1H), 8.35 (d, ] = 8.5 Hz, 1H), 8.10 (d, J = 8.5 Hz,
1H), 7.94 (t, ] = 7.1 Hz, 1H), 7.68 (t,J = 7.7 Hz, 1H), 6.24 (dq, ] = 47.8 Hz, ] = 6.6 Hz, 1H),
1.90 (dd, J = 24.2, ] = 6.6 Hz, 3H); "C NMR (126 MHz, CDCl;) & 167.1 (d, J = 20.2 Ha),
154.3, 151.04, 134.1, 129.5, 128.1, 122.3,90.9 (d, J = 173.0 Hz), 20.7 (d, J = 23.1 Hz); “F
NMR (471 MHz, CDCl;) 8-174.4 (dq, ] = 48.1 Hz, ] = 24.3 Hz). HRMS (ESI/Q-TOF) [M +

HJ" m/z: Calcd for (CgHyFN,) 177.0823; Found 177.0818.
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9-methyl-6-(1-fluoroethyl)-9H-purine: 49%, white solid. Purified via column
chromatography on silica gel using 1 - 2% methanol/dichloromethane gradient elution.
'H NMR (500 MHz, CDCl;) 8 8.96 (s, 1H), 8.09 (s, 1H), 6.18 (dd, ] = 47.6 Hz, ] = 6.6 Hz,
1H), 1.84 (dd, J = 24.3 Hz, ] = 6.6 Hz, 3H); "C NMR (126 MHz, CDCl;) 8 158.3 (d, ] =
20.1 Hz), 152.5, 145.6, 130.5, 88.3 (d, J = 173.3 Hz), 30.0, 20.6 (d, ] = 24.6 Hz); "F NMR
(471 MHz, CDCl;) & -180.0 (dq, J = 49.7, ] = 24.0 Hz); HRMS (ESI/Q-TOF) [M + H|' m/z:

Caled for (CgHoFN,) 181.0882; Found 181.0879.
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7-ethyl-4-(1-fluoroethyl)quinoline: 40%, yellow oil. Purified via column chromatography

on silica gel using 5% ethyl acetate/dichloromethane.

'H NMR (500 MHz, CDCl;) 8 8.90 (d, J = 4.4 Hz, 1H), 7.95 (s, 1H), 7.81 (d, J = 8.6 Hz,

1H), 7.54 - 7.37 (m, 2H), 6.30 (dq, J = 46.9 Hz, ] = 6.4 Hz, 2H), 2.87 (q, ] = 7.5 Hz, 2H),

1.79 (dd, J = 24.2 Hz, ] = 6.5 Hz, 3H), 1.35 (t, ] = 7.6 Hz, 3H). "C NMR (126 MHz,

CDCly) 6 150.5, 148.7, 146.6 (d, J = 19.5 Hz), 145.9, 128.3, 128.2, 122.9 (d, ] = 4.9 Ha),

122.7, 115.8 (d, ] = 10.7 Hz), 87.8 (d, ] = 171.4 Hz), 29.0, 22.7 (d, ] = 24.6 Hz), 15.3. “F

NMR (471 MHz, CDCl,;) 8 -176.6 (dq, J = 47.8 Hz, ] = 24.5 Hz). HRMS (ESI/Q-TOF) [M +

H]" m/z: Caled for (C;sH,FN) 204.1181; Found 204.1181.
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Dimer Characterization

PIFA, KTFA
MeCN
= ——
<4
N
E-1,2-diphenyl-1,2-di(pyridin-4-yl)ethene: 1.0 g (2.36 mmol) of

[bis(trifluoroacetoxy)iodo]benzene and 477 mg (3.14 mmol) potassium trifluoroacetate
were added to an oven-dried 8 mL scintillation vial, followed by dry acetonitrile (4 mL).
0.25 mL (1.67 mmol) 4-benzylpyridine were added via syringe, and the reaction was stirred
for 18 hours at 80 °C. Subsequently, the reaction was cooled to room temperature,
quenched with a saturated aqueous solution of sodium bicarbonate, and the product was
extracted with 3 x 10 mL ethyl acetate. After drying over magnesium sulfate and
concentrating on a rotary evaporator, the dimer was purified on silica gel via a 40 - 100%
ethyl acetate/hexanes solution to yield 36 mg of the product as a white solid (7%, 0.11
mmol). The alkene was assigned as its E-isomer by hydrogenation to its known racemic
(+/-)-1,2-diphenyl-1,2-di(pyridin-4-yl)ethane.

'"H NMR (400 MHz, CD,Cl,) 8 8.39 - 8.32 (m, 4H), 7.21 - 7.14 (m, 6H), 7.00 (dd, J = 7.9,
J = 1.7 Hz, 4H), 6.94 - 6.87 (m, 4H); "C NMR (101 MHz, CD,Cl,) 8 151.3, 149.8, 141.8,
141.3, 131.5, 128.8, 128.2, 126.1; HRMS (ESI/Q-TOF) [M + H]" m/z Caled for

(CyH gN2) 335.1543; Found 335.1540.
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racemic

(+/-)-1,2-diphenyl-1,2-di(pyridin-4-yl)ethane: 20 mg of palladium on carbon (10% on
activated wood carbon, 50% w/w with H,O) added to a solution of 38 mg (0.11 mmol)
dimer 12 in 10 mL ethyl acetate in a round bottom flask under nitrogen. A hydrogen
balloon was added along with an outlet needle, and the flask was purged for five minutes
to remove the nitrogen atmosphere. The reaction was stirred for 72 hours, with the
hydrogen balloon replaced when needed. After completion of the reaction, the reaction
was filtered through Celite® and the solvent evaporated via a rotary evaporator. The crude
product was purified a silica gel plug, which was washed first with ethyl acetate to elute any
trace remaining starting material, followed by 10% methanol/dichloromethane to yield 10
mg of a white solid (0.031 mmol, 28%). Upon comparison with previously reported

spectra,'® the product was determined to be the racemic stereoisomer.

racemic

Oxidation of 23 to 24: (+/-)-1,2-diphenyl-1,2-di(pyridin-4-yl)ethane (10 mg, 30 umol) was

dissolved in 0.3 ml deuterated acetonitrile. 12.6 mg (35 umol, 1.2 equivalents) of

101



Selectfluor® were added, and the reaction stirred 24 hours. The product was analyzed via

GC/MS and confirmed as E-1,2-diphenyl-1,2-di(pyridin-4-yl)ethene.
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Figure S47. GC trace for fluorination reaction of 4-benzylpyridine showing in situ
formation of dimer
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Selectivity

Under nitrogen, 4-ethylpyridine (0.5 mmol) and ethylbenzene (0.5 mmol) were added to an
oven-dried 8 mL scintillation vial that had been purged with N, via a Teflon-faced septum.
MeCN-d; (1 mL, stored over molecular sieves) was added, followed by 212 mg (0.6 mmol,
1.2 equivalents) Selectfluor®. The nitrogen needle was removed, and the cap sealed with
melted parafilm. The suspension was stirred for 20 hours at 25 °C, gradually forming a
pale yellow mixture. A saturated sodium bicarbonate solution was added to the reaction,
and the product was extracted with 2 mL CDCl;. 57 pL (0.5 mmol) of 4-fluoroanisole as an
internal standard were added to the organic extract, and the yield analyzed via F NMR.
After removal of the solvent via rotary evaporation, the crude product was purified on silica
or alumina to acquire clean NMR spectra. Besides the desired products, these reactions
typically contained small amounts of remaining starting material and small amounts of

difluorinated pyridine products. No fluorinated ethylbenzene was observed.
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Kinetic Isotope Effects

H D
M
H @ D Me
Benzoic Acid
= | D,0 =
o ] =—— ]
N N

4-(ethyl-1,1-d,)quinoline: Synthesized according to the procedure of Yin and coworkers."
Quinoline (800 mg, 5.09 mmol) was suspended along with benzoic acid (120 mg, 0;98
mmol) in 8 mL D,O in a thick-walled glass pressure vessel. The suspension was capped and
heated to 100 °C for six hours. After cooling to room temperature, the contents were
transferred into a separatory funnel with the aid of ethyl acetate, washed with 10% K,CO,
dried over MgSQ, filtered and concentrated in vacuo to yield the crude isotopically labelled
substrate. After purification on silica gel (2:1 hexanes:ethyl acetate eluent), quantitative 'H
NMR analysis showed approximately 80% deuterium incorporation. A sample of this
material (7270 mg) was re-subjected to the labeling procedure (with benzoic acid and D,O
amounts appropriately adjusted) to deliver 4-ethylquinoline that was now >98%
isotopically labelled at the desired position, as judged by the disappearance of the CH,

quartet resonance found at d 3.12 ppm (210 mg).

HH Me DD Me ZBFe
4 o,

(1 —Cl 2.5 mol% [Feglﬁ(g MF):lIFeClls ;e measurement
= l = | [ '197 » by intermolecular
SN S Ns competition

N F

KIE measurement: 4-Ethylquinoline (78.6 mg, 0.5 mmol) and 4-(ethyl-1,1-d;)quinoline

(79.6 mg, 0.5 mmol) were transferred through a Teflon faces septum into an oven-dried 8
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mL vial under nitrogen atmosphere using a tared and massed 100 pL syringe. DMF (1 mL)
was added, followed by [FeCL][FeCl,(dmf);] (6.7 mg, 0.012 mmol, 0.025 mmol Fe) and
finally Selectfluor® (177 mg, 0.5 mmol). The nitrogen inlet needle was removed, the
reaction was sealed with melted parafilm and was heated to 40 °C for twenty hours. After
that period, the reaction was cooled to room temperature and transferred to a separatory
funnel with the aid of ethyl acetate. The organic layer was washed with a 1 M sodium L-
ascorbic acid solution to remove the iron, which was then back extracted three times with
ethyl acetate. The combined organic layers were dried with MgSO,, filtered and
concentrated in vacuo. The starting material and products were recovered together using
silica gel chromatography (4:1 hexanes:ethyl acetate eluent). Quantitative YF NMR (

relaxation delay = 10 s) showed a KIE (ky/kp) of 5.19.
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Chapter 2
Harnessing Chloramine
as a
Source of Electrophilic Nitrogen
in Continuous-Flow

Ar"> R AcCl ‘.S?
r—

Ar” R
Aqg. NaOCI

NH,CI S
2 «ﬁR SR‘__ R/\/\N,SR

Aq. NH,CI R-CHO

R-C=N

Abstract: Despite its atom economy, low cost, and straightforward synthesis, chloramine
has not seen widespread use in organic synthesis due to its instability and toxicity. However,
continuous-flow chemistry enables the safe and reliable generation of chloramine from
aqueous ammonia and sodium hypochlorite solutions. Furthermore, an array of
nucleophiles can rapidly react with chloramine as an electrophilic nitrogen source,
enabling access to synthetically valuable nitriles, allylic sulfenamides, and sulfoxides in
reaction times as brief as 3 seconds.

Thesis Supervisor: Timothy F. Jamison
Department Head and Robert R. Taylor Professor of Chemistry

Dr. Evan Styduhar carried out initial synthesis of chloramine and investigation of its
reactivity. Dr. Laurel M. Heckman carried out the synthesis, isolation, and purification of
unsaturated nitriles on scale. Kelley E. Danahy investigated and optimized the syntheses of
primary hydrazines and sulfilimines from chloramine. Aria M. Fodness contributed to the
optimization of pyrazole syntheses and exploration of chloramine reactivity.
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Introduction

As of 2014, 84% of all small molecule pharmaceuticals contain at least one nitrogen
atom.' The development of novel amination methods, therefore, has remained an active
field of study.” Though nitrogen is typicaily treated as a nucleophile, the use of nitrogen-
transfer reagents allows access to electrophilic nitrogen.’ For instance, the nitrogen sources
shown in Figure 1 have been successfully employed in a variety of both electrophilic and
ambiphilic aminations, such a-aminations* and hydrazine formations,” as well as nitrenoid
reactions, such as olefin aziridinations and C-H insertions.’

However, despite their beneficial applications, 2 - 6 possess a number of undesirable
features including poor atom economy, high cost, and explosive potential. In contrast,
chloramine (1) is inexpensive and atom economical, yet its instability® and reputed toxicity’

has thus far hindered its development as a versatile electrophilic nitrogen source.

4

NH,CI
1

O;N NO,

o, .0

Na”

HO > ~O"

NH,

1]

Ph—P.__NH,
pH ©

3

NH T o0
/@Aof 2 /Ejs\o,NHz
O2N M Me

6

Figure 1. Common electrophilic amination reagents.

We hypothesized that continuous-flow chemistry could mitigate the disadvantages of 1.
Namely, the benefits of continuousflow - superior temperature control, enhanced mixing
leading to rapid reactions, and the ability to form and use potentially toxic reagents

without the need for isolation® - precisely counter the disadvantages of 1.
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As shown in Scheme 1, 1 was prepared in a time of 1.6 minutes via three inexpensive
and common reagents: aqueous ammonia and sodium hypochlorite, with ammonium
chloride as a pH buffer. The reactor was cooled to 0 °C to attenuate any thermally-aided
decomposition. A subsequent extraction into dichloromethane consistently yielded a

solution between 0.16 and 0.18 M in 1.

Aqueous
Waste

Ag. NH,OH |
Aq. NH,CI L
0.16-0.18 M
NH,.CI
in CH,Cl,

CH,Cl,

Scheme 1. Continuous{low conditions for chloramine production.

Inspired by the work of Armstrong and coworkers, our initial test of 1 explored the
formation of unprotected aziridines (Scheme 2).” As demonstrated, electrophilic amination
agent 1 can react with tertiary amines to yield a highly reactive hydrazinium intermediate
(9). Use of base deprotonates 9 to form zwitterion 10, enabling transformation of chalcone
7 into aziridine 8. Under homogenous conditions, aziridine 8 was observed in 89% yield

in just five minutes at room temperature.
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i. NH,CI (1.1 equiv)
(n-Bu);N (1.1 equiv)
o ii. 7, KOt-Bu (2.0 equiv) o
CH,ClA-BuOH
M P
Ph Ph Ph Ph
23°C, 5 min
7 89% 'H NMR yield 8
® O
(n- BU)zN—\‘ __(n-Bu)s - NH, KOFBU o lsN—NH
cl
1 9 10
® 0 o - (n-Bu)3N NHO
(n-Bu);N-NH ph/\)\ph phAL)LPh
10 ¥ 8

Scheme 2. Proposed mechanism for aziridine formation.”"

However, while testing an aziridination on aldehyde 11a, we discovered that the
aldehyde cleanly converted to its nitrile. Examining the reaction scope showed that, using
continuousflow chemistry, unsaturated aldehydes gave their synthetically valuable nitriles

in good to excellent yields in just three minutes (Scheme 3).

R-CHO
1 t+-BuOK
From CHzclz -BuOH
Scheme 1: (1.0 equiv) (2.0 equiv)
NH,CI
1
0.15-0.18 M ____ |
CH,Cl, '
(1.1 equiv) !
n-BugN e 80 psi
(1.1 equiv) :
Me
‘ MeO E IMe
12a (94%) 12b (99%) 12c (90%) 12d (71%)
e T Wi X
N M
@fﬂ e .CN
12e (92%I°)) 12f (80%) 12g (91%“’1) 12h (73%)

Scheme 3. ContinuousHflow setup and scope of unsaturated nitrile formation.
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Both electron-rich and electron-withdrawn aryl substituents were tolerated, as were
benzothiophenes (12f) and protected indoles (12g). A potential mechanism is shown in
Scheme 4, in which zwitterionic 10 condenses with aldehyde 1la to form its imine,
followed by loss of water. Under these basic conditions, removal of the a-proton provides
the desired nitrile. This provides alternative conditions to typical methods for this

transformation, which typically require a strong acid'' or an additional chemical oxidant."

NH,CI (1.1 equiv)
(n-Bu);N (1.1 equiv)

o}
KOt-Bu (2.0 equiv)
©/%)LH CH,ClA-BuOH \ CN

1Ma e 1 2a
: A
@6 | !
(n-Bu)sN—NH ' ! KOt-Bu
10 i : =N(n-Bu);
(n-Bu)sN “NH —H20 (n-Bu)3N

Scheme 4. A potential mechanism for the transformation of aldehydes to nitriles.
mediated by 10.

Noting the ready formation of hydraziniums from a combination of amines and 1, we
postulated that a variety of azaheterocycles could be formed from hydrazines, formed by a
simple nucleophilic substitution on 1 by either secondary or primary amines. The use of
chloramine to form substituted hydrazines has long been known, particularly in processes
such as the Raschig process,” but, again, due to the unstable nature of 1, which has a
tendency to overreact to a variety of oxidized products,” this use has seen limited

application thus far.
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Optimization of Azaheterocycle Syntheses

With only 2 equivalents of alkylsubstituted amines, and the addition of a catalytic

amount of potassium hydroxide to maintain a slightly basic pH," the expected hydrazine

was formed with quantitative conversion (Table 1, entry 3). Arylamines were not tolerated,

presumably following the azomediated decomposition pathway available for
arylhydrazines.® "
From
Scheme 1:
NH,CI
1
015018 M ______ eoooasoooe
CH.Cl, Y
(1.0 equiv)
h™>N-NH,Hel
ph” >Nz °
15 !
2MMeOH T
Entry  Additive (10%) Equiv. RNH, Residence Time  Conversion (%)
(min)
; . 2 1 44
2 KOH 1 | 58
3 KOH 2 1 quant.
4 KOH 2 0.5 77
5 Bu,NOH 2 1 quant.
6 KOtBu 2 1 84

Table 1. Conditions for formation of hydrazine 16 from 15 and 1.

We had planned to telescope our hydrazine formation into a pyrazole synthesis by

reacting with 1,3-diketones in a continuous system (Scheme 5). However, due to the

diminished nucleophilicity of primary amines in comparison to tertiary amines,'® titratable

remnants of chloramine remained in our reaction. This proved challenging, as the

hydrazine product is more nucleophilic than the amine starting material, resulting in ready

decomposition of the hydrazine before forming our desired product.” Additionally, 1,3-
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diketones are known to undergo their own decomposition with chloramine to form amides
and a-chloroketones,'” further hampering our efforts to isolate meaningful quantities of a

pyrazole.

From (5.0 equiv)
Scheme 1:

NH,CI
1
0.15-0.18 M ____ jmmmmmenas S I T
CH,Cl, ; T=80°C
(1.0 equiv)

R
RyNH, 8opsi ° _ R,
17

(2.0 equiv)
2 M MeOH
20% KOH (o] (0]

18
(2.0 equiv)

Scheme 5. Proposed continuous-low setup for the synthesis of pyrazoles from alkyl amines
and 1.

Attempts to quench the residual chloramine with aqueous thiosulfate were
unsuccessful, due to insufficient mixing between the dichloromethane and aqueous layer,
even in continuous flow. Other reductants were tried: sodium sulfite, though more soluble
in polar organic solvents than sodium thiosulfate, was insoluble under our conditions.
Tertiary amines as quenching reagents, including tributylamine and pyridine, were
unsuccessful. Ascorbic acid was not considered, as its acidic protons and multiple ketones
resulting from oxidation would likely result in side reactions. Ultimately, a reductant

soluble in organic solvents, with limited potential for side reactions, would be required for

this method to succeed.
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Exploration of Sulfilimine Reactivity

During our studies on the reactivity of 1, we observed that polarizable, nucleophilic
thioethers could readily undergo amination with chloramine as an electrophile, yielding
salt 21 (Scheme 6). These salts can be deprotonated to form free sulfilimine 22, which has
limited use due to instability.' Though the methods to synthesize the analogous
sulfoxides” and, more recently, the medicinally potent sulfoximines,” have received

considerable attention, sulfilimines have been limited by the need for nitrogen protection.

NH,CI NH, ©ci NH
8 1 @g base s
Ri” Ry R;” "R, Ry” R;
20 21 22

Scheme 6. Reaction of thioethers with 1.

Current synthetic methods typically require the use of stoichiometric hypervalent
iodine reagents, a transition metal catalyst, and/or variability in either the thioether
reactant or the amine reactant, but rarely both.”’ However, taking advantages of the
benefits of continuousflow, we envisioned that addition of 1, followed by an acylating
electrophile, would result in a diverse array of desired sulfimilines without the need to

isolate the unstable intermediates (Scheme 7).

o)
o
NH,CI NH, © NHeHCL L NJJ\R3
s T b e A KR 4
Ri” "Rz Ri“® Rz ~ Ry Ry R” Ry
20 21 23 X =0,CR, Cl 24

Scheme 7. Proposed synthesis of N- and S-variable sulfilimines from 1.
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Ac,0
1 M CH,Cl,
Sooat: | et Ac
NHCl  wemm . - > ©/S‘Me
1 ' s
0.15-0.18 M d o 24
CH,Cl, 3 o
(1.0 equiv) Sy e EOEE ]
PhSMe
23
1 M CH,Cl,
Entry  Equiv Equiv Temperature Residence Time 24
Ac,O 1 (° C) (min) (%)
1 1 1 35 4 trace
2 1 1 25 4 7
3 1 2 25 4 19
4 1 . 0 4 18
5 1 2 0 2 33
6 1 2 0 0.5 39
1 10 2 0 0.5 60
8 I 2 0 0.05 63

Table 2. All yields are estimated from LCMS percent area, from product area, hydrolysis
of incomplete acylated product, dimer, and starting material. “Acetyl chloride used instead
of acetic anhydride.

For simplicity, thioanisole and acetyl chloride were chosen for optimization.
Ultimately, as shown in Table 2, under continuous flow, reactivity to form the sulfilimines
was near-instantaneous, requiring only a three second residence time at 0 °C, and thus,
simultaneous addition of both acetyl chloride, thioanisole, and 1 was ideal. However,
controlling the reactivity of the resulting sulfilimine proved challenging: though base was
detrimental to sulfilimine stability, the production of one equivalent of HCI (21) began to
shift the reactivity of chloramine from amination to chlorination.” As a result, a trace

amount of byproduct was formed: dithianitronium cation 26. As it is known that these
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cations can form from the N-Cl bond,” most likely, reaction of sulfilimine 21 with a
second equivalent of chloramine produces chlorinated 25, and displacement by
nucleophilic sulfur results in 26. A potential mechanism for this transformation is shown

in Scheme 8.

Cl. S.
NH,CI NH-HCI  NH,CI N Ri” "Ry
1l 1 1 R1\S,/N._S,R1
R1/S\R2 R —— R1/S\R2 — & /S“R — . 2" @Y
1 2 R, R
20 23 25 26

Scheme 8. Potential mechanism for formation of dimer 26 from 20 and 1.

However, though N-acetyl sulfilimines were stable enough to allow us to observe their
formation via LC-MS, their scale-up and isolation proved troublesome, providing sulfoxide
27 instead of sulfilimine 24 as the major product. Although a hydrolysis during workup
was initially suspected, bypassing an aqueous quench still led to primarily sulfoxide 27
instead of sulfilimine 24, indicating that perhaps another mechanism was at play.
Moreover, the typical routes of decomposition for sulfilimines involves an extrusion of
ammonia to revert to the thioether starting material, not hydrolysis to sulfoxide."
Furthermore, acetyl chloride was necessary to yield meaningful amounts of sulfoxide 27;
without an acylating reagent, only starting material, was observed - as expected for the
decomposition of free sulfilimines.'®

Overall, in continuous flow, a mere residence time of 3 seconds was optimal for
sulfoxide formation, as shown in Scheme 9. Moreover, under these conditions, there was
little risk of over-oxidation to sulfone, as sulfoxides were found to be unreactive in the

presence of 1. However, the conditions were rather niche, providing diarylsulfoxides and

alkylaryl sulfoxides in moderate yield, while alkyl-alkyl thioethers tended to provide
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numerous products, potentially from a Pummerer-type rearrangement,” alongside mixtures
of sulfilimines and sulfoxides. Electron-withdrawn trifluoromethylaryl sulfides did not react,
and electron-rich aryl rings, such as phenols, primarily gave chlorination instead of

imidation.

R(S‘Rz
20
1 M, CH,Cl,
(1 equiv)
From
Scheme 1:
NH,CI 0
1 §
0.15-0.18 M R R,
CH,CI
@ equiv) =
AcCI
1 M, CH,Cl,
(1 equiv)
. z :
oo o
goc CO,Me
27a (65%
(65%) Ao 162%) 27¢ (46%) 26d (37%)

Scheme 9. Continuousflow setup and substrate scope for sulfoxide formation from 20 and
1

Based on work by Vessiére and coworkers, one potential mechanism requiring an
acyl chloride involves an oxygen-nitrogen exchange to form sulfoxide 27 and acetonitrile, as
shown in Scheme 10.” However, attempts to confirm this mechanism by replacing acetyl
chloride with benzoyl chloride, with which we expected to observe the expected
benzonitrile byproduct via GCMS, were unsuccessful, casting doubt on this exact
mechanism. Still, while the exact role of acetyl chloride remains unknown, an attempt to

trap the unstable sulfilimine intermediate was successful.
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e Me Me
s 12 i AcCl 1~ -Hel 89 - MeCN x
R1/20\ Rz _"'_*' R1/ \Rz _>' R1/@\ RZ _+ R1/ \RZ _-’" R1/ \Rz
23 28 29 27

Scheme 10. Potential mechanism for the formation of sulfoxide 27.

During an attempted oxidation of allylic thiothether 30, approximately 15% of an
unidentified side product was observed. NMR and mass spectrometry were able to confirm
the product as rearranged sulfenamide 34. Imidation of allylic thioether 31 can be followed
by either an immediate [2,3}sigmatropic rearrangement to allylic sulfenamide 32,'"®" or
acylation to 33 prior to rearrangement (Scheme 11). These rearrangements are known to
occur spontaneously even at low temperatures,”® and thus observation and isolation of 34

strongly suggests sulfilimine 31 as an intermediate.

H.
g NH,CI E-\\Jd [2,3] S\~ AcCl Sy ~F
©/\/\ HCI ©/ E @ H Tk ©/ Ac
30 31 32 34
Ac.
e
AcClI EN [2,3]
—HCI ©/
33

Scheme 11. Potential mechanisms for the sigmatropic rearrangement to form 34.
Moreover, as the sulfenamide S-N bond is notoriously labile,'® this may represent a
viable path to transform allylic thioethers into unprotected allylamines by excluding the
acetyl chloride. As allylamines are common functional groups in pharmaceutical
compounds, especially antifungal reagents,”” methods for their syntheses remain in
demand.” However, overall, exploration and optimization are required to transform this

reaction into a useful and scalable route in continuous-flow.



Conclusion

In summary, we have successfully harnessed 1 as an inexpensive and rapidly formed
source of nucleophilic and electrophilic nitrogen. The use of continuousflow chemistry
not only enables the generation and use of large amounts of 1 while minimizing risks to
safety, but enables extremely fast syntheses of synthetically valuable nitriles in <2 minutes,
as well as sulfoxides in <3 seconds. Additionally, though optimization is still required, the
imidation of allylic thioethers offers the potential to synthesize a variety of allylic amines via

a [2,3)sigmatropic rearrangement.
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General Considerations

All reactions were performed with commercial reagents and solvents that were used
as received, unless otherwise specified. Reagents and starting materials were purchased
from Sigma Aldrich, Alfa Aesar, Combi-Blocks, TCI America, and/or Ark Pharm; solvents
were purchased from Fischer or Sigma-Aldrich. Concentration and removal of solvents was
performed using a Buchi R-210 rotary evaporator with a dry ice/acetone condenser.
Column chromatography was carried out using a prepackaged RediSep High-Performance
silica column on a Biotage Isolera One flash chromatography system.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 or 500
(400 MHz or 500 MHz), using chloroform-d (CDCl;). Chemical shifts are given in parts
per million (ppm) from trimethylsilane (0.00) and measured relative to the solvent signal
("H NMR: 8 7.26 for CDCl;; "C NMR: & 77.16 for CDCI;). Coupling constants (J values)
are reported in Hertz (Hz) to the nearest 0.1 Hz. "H NMR spectra are given in the following
order: multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet), coupling constants,
number of protons. HRMS was performed using a Jeol Accu-TOE-DART® Mass
Spectrometer.

Continuous-flow reactions were carried out in high-purity perfluoroalkoxy (HPFA)
tubing, purchased from IDEX Health and Science Technologies. Harvard Apparatus
syringe pumps were used to continuously deliver reagents, with either Harvard Apparatus
stainless steel syringes or SGE Analytical Science glass syringes. Backpressure regulators
were purchased from Zaiput Flow Technologies. For inline extraction, Pall Zefluor PTFE

microfiltration membranes (0.5 um pore size) were placed inside liquid-liquid separators
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from Zaiput Flow Technologies. For chloramine generation, reservoirs of bleach and an
ammonium hydroxide/ammonium chloride solution were pumped through a Vaportec E-

Series Integrated Flow Chemistry System.
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General Procedure for the Continuous-flow Synthesis of Sulfoxides:

S.

Ri™ "Ry
1 M in CH,Cl,

1 equiv
0.09 mL/min

Aqueous
................... . Waste
Aq. NaOClI )
1.89 M Ry, 1.7 min 2 equiv
0.167 mL/min

V =550 ul 0.5 mL/min.

Ag. NH,OH
254 M 23
AgQ.NH,Cl oo © 016-0.18M
233M NH,CI
0.167 mL/min in CH,CI
2>z AcCl
CH,Cl, 1 Min CH,Cl,
0.5 mL/min 1 equiv
0.09 mL/min

S1. Continuousflow procedure for the syntheses of sulfoxides.

Stock solution preparation: Stock solution A was obtained from a bottle of 10-15% aqueous
sodium hypochlorite, by which the exact concentration was determined by iodometric
titration against a standardized aqueous sodium thiosulfate solution. For stock solution D,
a 2 mL volumetric flask was charged with 2 mmol of the desired thioether.
Dichloromethane was added to reach a volume of 2 mL. For stock solution E, 143 mL (2
mmol) of acetyl chloride were dissolved in dichloromethane up to 2 mL using a volumetric
flask.

Procedure: Stock solutions A and B were separately loaded into glass jar reservoirs.
Dichloromethane (C) was loaded into a 25 mL SGE glass syringe. Stock solutions A and B
were pumped from a Vapourtec E-Series Integrated Flow Chemistry System at a rate of 167
pl/min each and combined for a residence time of 1.66 min in R1 at O L.
Dichloromethane (C) was pumped from a Harvard Apparatus PhD Ultra syringe pump at a

rate of 500 pL/min to combine with the outlet of R1 at 0 °C before entering a membrane-

based liquidliquid separator. The resulting solution of chloramine in CH,Cl, was



collected. The concentration of chloramine was then obtained by iodometric titration
against a standardized 0.2 M aqueous sodium thiosulfate solution, typically giving
concentrations of 0.15-0.18 M. Flow rates of solutions D (1 M, 1 equiv) and E (1 M, 1
equiv) were calculated by the concentration of chloramine (2 equiv). A collection time was
calculated that would correspond to 1 mmol of starting thioether pumped into the system.
Before collection, ten seconds were allowed to pass for equilibration. The heterogeneous
product stream flowed into an Erlenmeyer flask filled with methanol as a mild quench (10
mlL).

The solution was evaporated on a rotary evaporator, and the sulfoxide re-suspended
in dichloromethane. The suspension was transferred to a separatory funnel and washed
with saturated aqueous sodium bicarbonate. The organic layer was dried over sodium
sulfate, filtered, and the dichloromethane evaporated. The crude sulfoxide was then
purified via column chromatography with ethyl acetate and hexanes, using a RediSep High-

Performance silica column on a Biotage Isolera One flash chromatography system.
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27a (65%)

(Methylsulfinyl)benzene: Purified on silica by eluting with hexanes and ethyl acetate. 65%,
90 mg, yellow oil.

'H NMR (500MHz, CDCly) o: 7.65 (dd, J = 8.1, J = 1.6 Hz, 2H), 7.56 — 7.47 (m, 3H),

2.72 (s, 3H); C NMR (126 MHz, CDCL,) 0: 131.2, 129.5, 123.6, 44.1. Data consistent

with previously reported spectra.'
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27b (62%)
Diphenyl sulfoxide: Purified on silica by eluting with hexanes and ethyl acetate. 62%, 126

mg, off-white solid.

'H NMR (500MHz, CDCl;) o: 7.65 (dd, J = 7.9, ] = 1.7 Hz, 1H), 7.51 - 7.39 (m, 2H);

BC NMR (126 MHz, CDCL) o: 131.2, 129.5, 124.9. Data consistent with previously

reported spectra..”
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27c (46%)

tert-Butyl 10H-phenothiazine-10-carboxylate 5-oxide: Purified on silica by eluting with
hexanes and ethyl acetate. 46%, 145 mg, off-white solid.

'H NMR (400MHz, CDCL,) o: 7.84 (dd, J = 7.6, ] =1.7 Hz, 2H), 7.74 (dd, J = 7.9, 1.3 Hz,
2H), 7.46 (ddd, ] = 14.8,] = 7.7, ] = 1.5 Hz, 4H), 1.54 (s, 9H); "C NMR (126 MHz, CDCL)
d: 130.2, 126.9, 126.4, 124.2, 28.3; HRMS (ESI/AccuTOF) [M + HJ" m/z: Caled for

(C;H;NO5S) 316.1002; Found 316.1019.
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26d (37%)

Methyl-2- -(methylsulfinyl)benzoate: Purified on silica by eluting with hexanes and ethyl
acetate. Mass balance was a mixture of products resulting from reaction between the
preformed sulfilimines and the adjacent methyl ester. 36%, 73 mg, clear oil.

'H NMR (400MHz, CDCI;) o: 8.32 (dd, J = 8.0 Hz, ] =1.2 Hz, 1H), 8.09 (dd, J = 7.7 Hz, ] =
1.3 Hz, 1H), 7.83 (d, J = 1.3 Hz, 1H), 7.58 (dd, J = 7.5 Hz, J = 1.3 Hz, 1H), 3.95 (s, 3H),
2.85 (s, 3H); ®C NMR (125MHz, CDCly) o: 165.9, 150.6, 134.3, 130.9, 130.3, 126.6,

124.3, 52.8, 44.2. Data consistent with previously reported spectra.”
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Characterization of Allylic Sulfenamide

©/S\N/\/
Ac

34
<15%

N-allyl-N-(phenylthio)acetamide: The general procedure for sulfoxides was followed. Mass
balance of the reaction was a mixture of starting material and sulfoxide. Purified on silica
by eluting with hexanes and ethyl acetate. 32 mg, yvellow oil. Complex mixture of
compound, compound degradation, and methanol. Upon further attempts to purify and
dry, the sample decomposed to various sulfonylated products, including S-phenyl benzene
thiosulfonate as identified by GCMS and confirmed by analysis of known spectra.’
Comparisons are shown in the following spectra. "C NMR peaks were tentatively assigned
by ruling out degradation peaks growing into the NMR.

'H NMR (400MHz, CDCl;) 0: 7.36 (t, ] = 7.7 Hz, 3H), 7.25 - 7.18 (m, 1H), 7.11(d, ] = 7.8
Hz, 2H), 5.85 (ddt, ] = 17.4 Hz, ] = 9.8 Hz, ] = 6.1 Hz, 1H), 5.24 - 5.11 (m, 2H), 4.25 (d, ]
= 6.1 Hz, 2H), 3.48 (s, 1H), 2.36 (s, 3H); "C NMR (100MHz, CDCL,) o: 176.4, 137.9,
132.9, 129.5, 126.7, 123.1, 118.2, 53.9, 22.2; HRMS (ESI/Accu-TOF) [M + H]' m/z

Caled for (C,,H,;5sNOS) 208.0791; Found 208.0818.

143



SI
1

7.38
r7.36
+7.34
17.24

_ s
-0 = 17
5 »z  [1%

1At

o
S\"o:

€1

sjonpo.d Jayjo pue

-5.90
-5.88

11
1
o
o]
~

15.87
15.86
15.85
15.85

0t

5.84
5.83
5.82

0 1 i
2.51 5.82
1.1 E%_—- == 5.80
~| 1.88/C - 519

.88
519

o 5.19
<7 1.00
2 | 100
| 2.08=
207=<
-

— 5.18
1 3.07 — 2.36
o ‘?

5.16
5.15

I {424

000T A
00024
000€
000t
0005
0009+
0004+
0008+
0006

S10. 'H NMR for 31, contaminated with methanol and degradation products, including S-
phenylbenezene thiosulfonate as the major impurity.
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Chapter 3

Synthesis and Purification
of
(S)-Naproxen in Continuous-flow

Abstract
Meq Py A
: 1.4 min : o -
Me.__CO,-MgCI : ".::"‘:.. : Meo’.OO
T : L 71%
Br L i ' 1-3 oral doses/h
0.25 M in THF
songgtar:ion after resolution:

30% (S)-naproxen

65% ee

Thesis Supervisor: Timothy F. Jamison
Department Head and Robert R. Taylor Professor of Chemistry

Kelley E. Danahy optimized the synthesis and kinetic resolution of racemic naproxen in
batch and continuous-flow. Both K. E. D. and Aria M. Fodness assisted in exploring the
potential of enantioselective Kumada couplings and hydrocarboxylations in continuous-
flow, and A. M. F. contributed to optimization of the batch enzymatic resolution and
optimized the continuous-flow synthesis of racemic naproxen methyl ester. Justin A. M.
Lummiss assisted with operation of a continuous oscillatory baffled reactor for handling
solids in flow.
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Introduction

Naproxen (1) has been a popular analgesic since its debut in 1975 and is perhaps
best known by its current brand name, Aleve, as marketed by Bayer.' Structurally,
naproxen is a member of the propionic acid class of non-steroidal anti-inflammatory drugs
(NSAIDs). However, in contrast to its peers (Figure 1), naproxen has the distinction of
being sold as the enantiopure (S)-naproxen, rather than a racemate. As the (R)-enantiomer
is a suspected liver toxin,” all current processes to produce naproxen rely on a chiral

resolution, as shown in Scheme 1.'

Me Me Me Me
cozH WCOZH O COH @\ /@/Lcozﬂ
MeO Me o
F
2 3

1

(S)-naproxen ibuprofen flurbiprofen fenoprofen
Me Me Me Q
CO,H o CO,H
o QU e
N
o : o~ $
5 6 7 8
loxaprofen ketoprofen carprofen oxaprozin

Figure 1. The structures of a variety of propionic acid NSAIDs currently on the market. All
except naproxen are sold as their racemates.

Many laboratory routes to enantiopure naproxen have been developed, including
enantioselective hydrogenation,® asymmetric Kumada couplings,* and hydrocyanations.’
However, though these results avoid the necessary 50% loss in yield during chiral
resolutions, they are limited by expensive asymmetric ligands, flammable gases at high
pressures, need for robust temperature control, and/or toxicity. Altogether, the use of a

cheap resolving agent such as N-octylglucamine (Scheme 1), followed by racemization and
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recycling of the undesired R-enantiomer, remains the most costeffective and economical

route.‘
1. Mg®
2. o
Me 0-MgCl
Br Br 11
g
—_—l
HO MeO
9 10
M Me
. OH OH ?
c°2“ CaHﬂ‘N/\‘/l\l/'\/OH e COzH
MeO H OH OH MeO
12 13 1

Scheme 1. Typical batch process for the synthesis of 1.'

However, the batch route still has a number of limitations. Namely, the key,
exothermic addition of Grignard 10 into an a-haloacid such as 11 (Scheme 1) requires
stable temperatures, as well as sufficient mixing to prevent side reactions, such as carbonyl
addition or deprotonation of the enolizable product. To us, therefore, this represented an
opportunity to adapt the synthesis of naproxen to continuous-flow, where superior mixing

and temperature control are often easier to achieve.’
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Optimization of Gringard in Continuous-flow

As shown in Scheme 1, the key steps for the synthesis of naproxen involve a
Grignard addition to an a-halopropionic acid, followed by chiral resolution using the
cheap resolving reagent N-octylglucamine. Overall, solid formation proved the main
challenge in adapting both steps to a continuous-flow system. Magnesium salts from the
Grignard, in addition to our desired recrystallization in a continuous system, frequently
clogged the reactor. Additionally, the use of reactors designed to accommodate solids in
continuous systems, such as a continuous-stirred tank reactor (CSTR) or a continuous

oscillatory baffled reactor (COBR), were ineffective to prevent clogging.

~MgBr 0o Me
i \YHLox — COaH
4 11 Men 12

0.25 Ig in THF
Entry X Y Equiv Gringard Yield (%)

1 Me Br 1 44°
2 Me Br 2 74
3 Me Cl 1 7

4 Et OTf 1 24
5 H Br 2 36°
6 Y2 Mg Br 1 35%¢
7 MeCl Br | 71¢

Table 1. Yields obtained via a calibration curve on gas chromatography using 1,3,5-
trimethoxybenzene as an internal standard. "Reaction done in batch, stirred 30 minutes at
room temperature. "Reaction done in continuousflow. “Yield determined by 'H NMR,
using 1,3,5-trimethoxybenzene as an internal standard. ‘Yield determined by isolation of
crude material, with a small amount of 2-methoxynapthalene as a contaminant.

Regarding the Grignard addition, we attempted a variety of conditions to enhance
the solubility of our reaction system. As shown in Table 1 (entry 2), use of the methyl ester
of 11 and two equivalents of Grignard 14 was sufficiently soluble to allow adaptation to

continuous-flow. In contrast, the limited solubility of the preformed magnesium salt of 11

rendered this reagent only suitable for batch conditions (entry 5). The lower yield from this
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result, while precedented in a patented process by Matthews and Arnold (35%), can be at
least partially attributed to the difficulty drying the hygroscopic magnesium salt.”

Use of different coordinating solvents such as 2-methyltetrahydrofuran worsened
solubility and led to no improvement in yield. However, again, based on the procedure of
Matthews and Arnold,” deprotonation of 14 with one equivalent of methylmagnesium
chloride to form the mixed magnesium salt 11 led to 71% yield of the desired racemic
product 12 (entry 6). The resulting reaction (tz = 1.4 minutes) continuously synthesized
racemic naproxen with a throughput of 863 mg (3.75 mmol) per hour. Notably, after
approximately forty minutes of runtime, magnesium salt accumulation eventually began to
clog the system, as before. Use of a sonication bath, however, eliminated this issue, and

allowed naproxen to be run for over three hours without clogging (Scheme 2).

O S p
Me0” 7 T e
25 M in THF L 14min
0.25Min : : - cOzH
H et
Me.__CO,-MgClI : . MeO
he : o 12
Br i
11
0.25 M in THF s°"J§i‘ﬁ'°"

Scheme 2. Continuousflow production of racemic naproxen.
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Optimization of Chiral Resolution in Batch and Continuous-flow

Chemical Kinetic Resolution

The issue of kinetic resolution in continuousflow proved more difficult to
overcome. While kinetic resolutions are known in continuous systems,® the current reagent
for naproxen is N-octylglucamine' (12), a modified sugar residue that we discovered was
insoluble in most organic solvents below 50 °C. Use of more soluble chiral amines, such as
o-methylbenzylamine,’ only yielded racemic naproxen when telescoped with the preceding

Grignard step (Scheme 3).

O
e | T=25°C | | T=80°C Me
. 1.4min L 1.0min : HS)
0.25 M in THF : . : L coz S
MeYCOZ-MgCI ! = : = IMeO Me
Br : o 16
1 Semmmmmeemees ‘ Trommmemeees ’ ion pair
0.25 M in THF aq. EDTA precipiata
pH 10
NH,
.-
15

Scheme 3. Attempted telescoped synthesis and chiral resolution of (S)naproxen in
continuous-flow.

We postulated that our inefficient resolution could be explained by favored
coordination of the leftover magnesium by the chiral amine, rather than formation of the
desired carboxylic acid salt. Although a wash with ethylenediamine tetraacetic acid
(EDTA), carefully basified to pH 10 to deprotonate all chelating carboxylic acids while

avoiding formation of insoluble magnesium hydroxide, improved our ee to >90% during
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small scale batch reactions, this was insufficient for adaptation to a continuous system.
Ultimately, to ensure all magnesium was removed, the crude racemic naproxen had to be
eluted through a small amount of silica gel, offline from a continuousflow system.
However, as resolution in flow no longer seemed feasible within our desired
conditions, we then attempted several reported procedures to resolve naproxen in batch.

1% sroved inefficient for our material,

Despite previous reports, methanol'® and acetonitrile
giving only 51% and 28% ee, respectively. However, use of a Pope-Peachy method,'™ in

which 0.5 equivalents of triethylamine solubilized the undesired R-enantiomer, led to our

desired (S)}-naproxen in 65% ee and 30% yield (of 50% expected) after workup (Scheme 4).

(R)-naproxen o o
- oot
CO,H 0.5 equiv Et;N MeO ion pair
0.5 equiv 13 solution
MeO

12 Me
-naproxen CO? OH OH
MeO {B/W':\/OH
18

H,N
ion pair (|: H OH OH
precipitate ™“~8'"17

Scheme 4. Chiral resolution of (S)}-naproxen via a Pope-Peachy method.
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Enzymatic Kinetic Resolution

Enzymatic kinetic resolution offered an alternative approach to bypass the solubility
issues we had using chiral amines as crystallization reagents. With this method, we
envisioned a packed bed of immobilized enzyme that would selectively hydrolyze the
methyl ester of racemic naproxen, allowing easy separation of the (S)-acid from the (R)-ester,

as shown in Scheme 5.

MgBr l\:ne
P N R Sy COZH
MeO { T=25°C :
14 . packed bed ! MeO

0.25 M in THF L 14min : S 1
Me_ _CO,Me : = " immobilized ! Me
4 ——" : m H
\Brr : : p enayme c02Me
"o T NS, T —
0.25 M in THF 0.1 Magq. % 19
KH,PO,

Scheme 5. Proposed enzymatic resolution to (S)-naproxen in continuous flow.

Our initial screen of enzymes identified lipase from Candida rugosa as the most
promising enzyme (Table 2, entry 1), in good agreement with previous literature.'’ Though
this reaction typically takes >12 hours for completion in batch, we ultimately found that a
3:2 mixture of DMSO" and 0.1 M aqueous KH,PO, buffered to pH 8, at 42 °C (Table 2,

entry 10), allowed 70% cleavage in a time of just one hour, and up to 90% in two hours.
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Me Me Me

lipase -
COMe 0.1 M ag. KH;PO, COH c02Me
MeO P> \eo MeO

20 1 19
Entry Enzyme Additive pH Temperature ee (%) ee (%)

(°C) 1h 2h

1 Candida rugosa - 7 37 21 46
2 Candida - 7 37 42 38

antartica

3 Amano - 7 37 0 15
4 Candida rugosa - 6° 37 35 16
5 Candida rugosa - 8° 57 31 66
6 Candida rugosa - gb a7 23 50
7 Candida rugosa - 8P 39 37 53
8 Candida rugosa - 8b 42 45 75
9 Candida rugosa - 8P 45 51 64
10 Candida rugosa  DMSO* 8" 42 67 90

Table 2. ee observed via a Chiralpak® OD-H column on HPLC. Loading was 150 mg
enzyme and 10 mg methyl ester 20. * Buffer was treated with 1 M hydrochloric acid to pH
6, as indicated by pH paper. " Buffer was treated with 2.5 M sodium hydroxide to desired
pH, as indicated by pH paper. ‘A 3:2 ratio of DMSO to aqueous buffer was used.

However, three problems emerged when telescoping this route with the Gringard
reaction. First, the Gringard step required high flow rates to avoid clogging, which would
thereby necessitate an impractically long packed bed to achieve a residence time of two
hours. Second, quenching of the Gringard was required prior to reaching the packed bed
of enzyme, yet, even if our potassium phosphate buffer was used as a quench, significant
solid formation was observed upon quenching. This would likely clog our system before
reaching the packed bed.

The third concerns the effects of organic solvents on enzymes. Namely, THF was

found to completely inhibit enzymatic activity. Thus, for this reaction to succeed, THF
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would have to be mixed with an aqueous buffer and DMSO before heating to the point
that all THF would evaporate. 2-MeTHF was not an alternative, because, while 2-MeTHF is
immiscible in water, it too inhibited the reaction once DMSO was added as a cosolvent, as
did diethyl ether and tert-butyl methyl ether. Most likely, DMSO allowed enough solvent
mixing to inhibit the lipase from Candida rugosa. Potentially inert solvents, such as hexanes
or toluene, also showed no activity. However, for these solvents, we believe that the issue
was less enzyme inhibition than naproxen’s lipophilicity, which kept naproxen in the
organic phase, rather than the aqueous phase necessary to observe enzymatic activity.
Addition of tetrabutylammonium bromide as a phase-transfer catalyst did not substantially

enhance the reaction progression, and thus the enzymatic resolution route was abandoned.
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Conclusion

The efficient, racemic synthesis of (S)}-naproxen in continuousflow requires only
1.4 minutes, allowing for up to 863 mg/h of the desired analgesic, or about 1-3 oral doses
per hour.” A chiral resolution in batch with commercially available N-octylglucamine then
yield (S)ynaproxen in 30% vyield and 65% ee. This efficient continuous route may be
further adapted to other racemic propionic acid NSAIDs, such as ibuprofen, fenoprofen,

and flurbiprofen via a simple change of Grignard reagent.
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General Considerations

All reactions were performed with commercial reagents and solvents that were used
as received, unless otherwise specified. Reagents and starting materials were purchased
from Sigma Aldrich, Alfa Aesar, Combi-Blocks, TCI America, and/or Ark Pharm; solvents
were purchased from Fischer or Sigma-Aldrich. Concentration and removal of solvents was
performed using a Buchi R-210 rotary evaporator with a dry ice/acetone condenser.
Column chromatography was carried out using a prepackaged RediSep High-Performance
silica column on a Biotage Isolera One flash chromatography system.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 (400
MHz), using chloroform-d (CDCIl;). Chemical shifts are given in parts per million (ppm)
from trimethylsilane (0.00) and measured relative to the solvent signal ("H NMR: 8 7.26
for CDCl;; "C NMR: 8 77.16 for CDCL;). Coupling constants (J values) are reported in
Hertz (Hz) to the nearest 0.1 Hz. '"H NMR spectra are given in the following order:
multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet), coupling constants, number of
protons.

Continuous-flow reactions were carried out in high-purity perfluoroalkoxy (HPFA)
tubing, purchased from IDEX Health and Science Technologies. Harvard Apparatus
syringe pumps were used to continuously deliver reagents, with either Harvard Apparatus
stainless steel syringes or SGE Analytical Science glass syringes. Backpressure regulators
were purchased from Zaiput Flow Technologies. For inline extraction, Pall Zefluor PTFE
microfiltration membranes (0.5 wm pore size) were placed inside liquid-liquid separators

from Zaiput Flow Technologies.
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HPLC was performed using an Agilent Technologies 1290 Infinity II High
Performance Liquid Chromatography sampler, using a Chiralpak® AD-H column. UV

wavelengths at 220 nm were used to observe naproxen.
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Procedure for the Syntheses of Starting Materials

0

0.25 M In THF

(6-methoxynaphthalen-2-yl) magnesium bromide, 0.25 M in THF: 6-methoxy-2-
bromonaphthalene (10.43 g, 40 mmol) was added to an oven-dried Schlenk flask. The flask
was purged with nitrogen three times, and 1.06 g (44 mmol, 1.1 equivalents) Mg powder,
obtained from a glovebox, were added. Dry THF was added until the total volume of
solution equaled 150 mL, and the reaction was stirred overnight. The resulting Gringard

was titrated with phenanthroline and dry methanol to yield a concentration of 0.25 M.

o MeMgCl (3 M in THF) [o)
M THF
ej)LOH - > Me\‘)kO-MQCI
Br Br
11
0.25 M in THF

2-bromopropionate magnesium chloride, 0.25 M in THF: 2-bromopropionic acid (3.6
mL, 40 mmol) was added to an oven-dried Schlenk flask under nitrogen, followed by 137
mL THF. The solution was cooled to 0 °C and 13.3 mL methyl magnesium chloride (3 M
in THF) were added slowly. Bubbling was observed. After addition, the reaction was
warmed to room temperature overnight and stored under inert atmosphere for use in the

continuous-flow synthesis of naproxen.
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Procedure for the Synthesis and Chiral Resolution of (S)-Naproxen

joo
MeO . Crizsee Me
0.25 M in THF 1.4 min - CozH
Me.__CO,-MgCl : e MeO
T : o i 12
Br L W :
11
0.25 M in THF apnigition

2-(6-methoxynaphthalenyl)propanoic acid: Two 50 mL Harvard stainless steel syringes
were flushed with dry THF three times prior to use. Under nitrogen, one syringe was filled
to 50 mL with (6-methoxynaphthalen-2-yl) magnesium bromide, 0.25 M in THF. The
second syringe was filled with 50 mL 2-bromopropionate magnesium chloride, 0.25 M in
THF. Using a Harvard Apparatus pump, each syringe was run at 0.25 mL/min, and the
reactor was submerged in a sonication bath for the duration of the reaction. A fine white
precipitate was observed. After 4 minutes 12 seconds (3 times the residence time), the
reaction was collected in an Erlenmeyer flask filled with 1 N hydrochloric acid as a
quenching solution. After 2.5 hours of smooth running, a malfunction of the sonication
bath caused immediate clogging. Turning the sonication bath back on, after another 4
minutes 12 seconds of equilibration, the reaction was run until the syringes were empty,
for a total time of 3 h 20 minutes. The biphasic mixture in the Erlenmeyer flask was
transferred to a separatory funnel, and ethyl acetate added to extract the product three
times. The organic layer was removed, dried over sodium sulfate, filtered, and
concentrated. To remove any traces of magnesium, the resulting off-white residue was

flushed through a RediSep High Performance silica column using hexanes and ethyl
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acetate, yielding racemic naproxen (1.94 g, 71%, crude with 2-methoxynaphthalene as a

byproduct).
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Me Me

1. 0.5 equiv Et;N
CO,H 0.5 equiv 13 CO;H
i-PrOH:H,0
MeO > MeO g

12 2.1 N HCI

(S)-2-(6-methoxynaphthalenyl)propanoic acid (Naproxen): Following the procedure of
Von Morze,' the crude material of racemic naproxen and 2-methoxynaphthalene (1.94 mg,
8.44 mmol based on naproxen) was dissolved in 12.7 mL isopropanol and 0.6 mL
deionized water. 0.5 equivalents of triethylamine (0.59 ml, 4.22 mmol) and 0.5
equivalents of N-octyl-Dglucamine (1.124 g, 4.22 mmol) were added as a chiral resolving
agent. The suspension was heated to 84 °C, at which point all materials dissolved, then
slowly cooled to room temperature. A seed of (S)naproxen-N-octyl-D-glucamine salt was
added, and the solution was allowed to crystalize at room temperature overnight. The
resulting crystals were filtered and washed with cold isopropanol, followed by 1 M HCI and
extraction with ethyl acetate (three times). After drying over sodium sulfate, filtering, and
concentrating on a rotary evaporator, an HPLC trace (Chiralpak” AD-H, 10%
isopropanol: 90% hexanes) was taken showing 65% ee in (S)-naproxen. The material was
then recrystallized in toluene to yield 580 mg (S)-naproxen (30% of 50% expected). Chiral

HPLC by the aforementioned method revealed an ee of 65%.

'"H NMR (400MHz, CDCL3) 0: 7.75-7.66 (m, 3H), 7.42 (d, ] = 8.5 Hz, 1H), 7.18-7.02 (m,
2H), 3.91 (s, 3H), 3.87 (g, ] = 7.2 Hz, 1H), 1.59 (d, J = 7.2 Hz, 3H); "C NMR (100 MHz,
CDCly) o: 179.2, 157.9, 135.0, 134.0, 129.4, 129.0, 127.4, 126.3, 126.3, 119.2, 105.7,

55.5, 45.3, 18.3. Data consistent with previously reported spectra.”
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Figure S2. "C NMR for (S)-Naproxen.

169



z e B R e no e B i __&% R i
Flgure S3 HPLC trace of racemic naproxen (Chlralpak® AD-H 10% isopropanol in
hexanes)

Flgure 3. HPLC trace of naproxen after resolutlon (Chlralpak® AD I—I 10% 1sopropanol
in hexanes), ee 65%.
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